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19.  Abstract (Continued)

temperature dependence, either remaining relatively unchanged for orientations
deforming primartly by {111} <170> octahedral slip or increasing with
temperature for orientations in which {001} <110> cube slip dominates. The
stoichiometric effect 1s most pronounced in the ternary alloys. The
hypostoichiometric ternary alloy was rather brittle except at the highest
temperature.

The crientation and temperature dependence of ductility in all the alloys were
shown to De related to the probability and strength of inter-slip interactions
of the octahedra!) and cube slip systems. The probability of interaction was
assessed by weighing all the octahedral and cube systems with the magnitudes
of the resolved shear stresses and the respective critical resolved shear
stresses. Strain hardening was used as an index for the strength of inter-slip
interactions. Based on the different types of dislocations observed in these
alloys a relationship between the strength of interaction and dislocation
features was proposed. A model was developed which satisfactorily mimicked the
ductility behavior in a ternary alloy studied. Some alloying directions for
improving the ductility in Ni,Al alloys without compromising the strength

are also indicated.
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1.0 INTRODUCTION o
Ly
The turbine section of a turbofan engine operates under the most extreme o
conditions. Stresses and temperatures are at high levels and compounded by ; 5
the steep gradients and complex component geometries. Both turbine blades and iy
4isks demand the most advanced mechanical properties to sustain these operating Dt
conditions. Nickel superalloys have provided the required characteristics and .gﬁﬁ
the success of engines over the past twenty years can be traced in no small ,L}
measure to the success of these alloys. However, new engines will be required .
to rotate faster and operate at higher temperatures to achieve the stretch e
performance goals that have been established. To reach these requirements, -j:
radically new approaches to alloy design are needed. uj:;
2N
[t is generally recognized that development of conventional nickel Zﬁg‘
superalloys has reached a point of diminishing returns and thus new directions o
must be lnvestigated. One of the approaches to achieve the required property Jih
increases is to develop alloys based on intermetallic compounds. The approach pﬁ,g
is based upon the observation that the ordered structure of compounds often e ,ﬁ
translate into superior high temperature properties. However, engineering ;fbkl
application is presently restricted by ductility deficiencies, for most of the heth
high melting temperature intermetallic compounds are rather brittle at ambient .o
tempecatures. E:‘
The brittleness of intermetallic compounds can be traced to several :$ é
factors, the lack of grain boundary cohesive strength, microstructure and Py,
intrinsic deformation behavior and, in the case of compounds with noncubic p
ceystal lattice, anisotropic thermal properties also. The intrinsic deforma- o
tion and ductility behavior of intermetallic compounds are the subject of this N )
investigation. There is a general recognition that intrinsic plastic flow 3 )

Y behavior is important in governing the ductility and toughness of inter- N\

) metallics. In particular, the requirements of five independent slip systems M
for arbitrary deformation at low homologous temperatures is well known. Q}.
Theoretical studies have also shown the importance of dislocation core struc- .
tures on dislocation mobility, flow and fracture behavior (References 1, 2 and Q¢:;
3). However, there have been relatively few experimental studies on these bﬁ}’
deformation features in intermetallics at ambient temperatures due primarily g;;z
to the fact that most intermetallics of interest are brittle in polycrystalline -; \'
form at such temperatures. The use of single crystals alleviates such problems DM

and permits the intrinsic flow and fracture behavior of intermetallics to be
studied in greater details.

The primary objective of this program is to study the intrinsic flow and

fracture behavior of Ni,Al alloys in single crystal form. There are several

! rather obvious reasons for this selection. Ni_,Al phase, as the strengthening
phase for nickel superalloys, is one of the best known intermetallic compounds.
The strength characteristics of Ni, Al alloys have been subjects of numerous

, experimental and theoretical studié@s in the past three decades. Significant

y advances have been made recently in improving the grain boundary strength of

' certain Ni,Al alloys (References 4 and 5), raising the expectation that such

an intermegallic may be developed into engineering alloys. However, the

ductilizing effect of the boron addition is rather restricted. It fails to

ductilize alloys with aluminum content exceeding about 25 atom 7 (hyperstoi-

chiometric alloys) or alloys rich in solutes, especially those which substitute

for Al and provide considerable strengthening such as Ti and Ta. A clue to
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the ductility problem in certain polycrystalline Ni_ Al alloys has been provided
recently from a Pratt & Whitney study which indicated that, in contrast t¢ the
well-known high ductility of the binary Ni_Al single crystals, certaia ailcvved
Ni,Al single crystals can be quite brittle depending on specific alloy campo-
sition and stoichiometry. This observation suggests that a potentiaily
fruitful approach for improving the ductility and toughness of strong Ni Al
alloys is through understanding of alloying and stoichiometric effects oA
intrinsic deformation behavior of such alloys.

1.1 Background and Alloy Selection Logic

Fundamentally, plastic deformation is accomplished bv generation and
movement of dislocations through a crystal lattice. Thus, the intrinsic
ductility of a crystal is governed by the ease with which dislocations ere
generated and the mobility of these dislocations. It can be shown anelvticeily
that both dislocation parameters are influenced by the configurational st suc-
ture of the dislocations. An ordered lattice increases the number and coe:
plexity of potential configurations and various types of structures have been
proposed depending on the fault energies (References 6, 7 and 8).

The possible types of dislocation dissociations and their associsted
planar faults in the L1, lattice has been summarized recently by Pope and Ese
(Reference 9). Alloying can change the fault energies and favor one tepe of
dislocation configurational structure over the other. For exampie. #ddition
of Nb, Ta or V to Ni,Al tends to reduce the antiphase boundary (APB) eneIgy on
{001} planes and favdor a simple configurational structure consisting of twe
superlattice dislocations connected by a strip of APB. The change in feuit
energies in a given lattice can also lead to instability of the lsttice towsrd
a derivative structure. These alloying effects on dislocation configuret:ions;
structure and lattice stability has also been discussed by Pope and Eze
(Reference 9) and by Mishima, et al. (Reference 10) and schematically iliua-
trated in Figure 1. As shown in Figure 1 that addition of Ni, Ts and Sn to
nickel L1, alloys could theoretically lead to three different Aderivative
structures and have the following consequence on the dislocation configara-
tional structure. Addition of Ni in excess of the stoichiometric composition
tends to reduce the {111} APB energy and eventually result in Al structure
when added in sufficient quantity. The transition elements Nb, Ta and V tend
to reduce the {001} APB energy in the Ll. lattice and transforming it to DO.._
when added in sufficient amounts. Alloy%ng with Sn tends to reduce the “
stacking fault (SF) energy of the le lattice and eventually transforming it
to the DO19 structure.

As results of various changes in fault energies, different tvpes of
dissociation of the superlattice dislocations are considered iikely to occyr
in these Ni3A1 alloys. Reducing the {111} APB energy is likely to lead to

.
»
ot
L
.

dissociation by formation of APB and complex stacking faults (CSF) on {iii} s
planes according to the following reaction (Reference 11): w
~.'b-
(101] = 1/6 (112] + 1/6 [211] + 1/6 [1i2] + 1/6 (311) (1) o
-
R
Increasing the APB energy anisotropy (reducing the {001} APB energy) is likelv -
to result in a simpler dissociation of the type e
[101] = 1/2 (i01] + 1/2 (io01] (2)
2
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The 1issGClaefl A wAluR i3 _ikel) %ZJ sivel when The 3F energy i1s reduced, is

cundlleced % Be.

(3)
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Which cusulfa 1A supmeriaffice LAffifsic stackinmg Yaults (SISF) on (111}
planes.

Thare 4ce rery few 3T uiles +f These a.loving effects on the type of
dlelocation lleswciefl.ne and none «Ilempting 0 relate the various possible
rypus 3f dlslocafion flisocietlons with "M intrinsic deformation and ductility
behavioe in IL’AL alloye

A peimaty Djec®ive sf "Mls prugrad is to dtudy the relationship between
rhe dielovation contigurellonel structure and the deformation and ductility
Behavioe La ML AL alloys. The phase stability concept described «bove provides
4 good Bastie FSr semisctivn of alloying additions for such a study. To produce
a Jiverelly of dielucation configurational structures for study, we selected
Dinacy alloye with thtes lsvels of ¥t content and ternary alloys with additions
ol Ta and 3a. The concenteativas of Ta and Sn were selected to be 5 atom
peccant and 4 atom percent, tespectively which hopefully would be low enough
to avold formetion of amdrittling secondary intermetallic phases and high
wnough o produce some effects on dislocation dissociation behavior. The
Alivye selected which sce shown in Table |, are grouped into three series:
the dinacy alloye, Ta-modified and Sn-sodified ternary alloys. The alloys are
designated alphe-numecically in which the ternary addition is indicated by the
chemical symabols followed Dy the concentrations of sluminum and the alloying
addition, eo.g. Inllé indicates & termary Ni.Al alloy consisting of 21 atom
percent aluminum, 4 atow peccent tin and t balance is nickel.

l.a

NiL. AL Alloy Intrinstc Onuctility Factors and Study Plan

3

Tensile slongation of the single crystals at fracture was used as a
measure of intrinsic ductility on an alloy. Even in a simple uniaxial tension
situation the study of intrinsic ductility limiting factors is quite complex.
A ceview of litecrsture suggested that the following factors should be consid-
ered (References 9, 12-15):

l. Slip interactions between octahedral systems and
octahedral-cube systems.

2. Critical resolved shear stresses for octahedral and cube slip.

3. Dislocation core structure.

The relative importance of these factors depends on test conditions, such as
temperature and orientation of the stress axis, and on material parameters
such as alloy composition and stoichiometry. To gain insight into the slip
system and dislocation interactions we shall analyze the yield strength
characteristics, strain hardening and fracture behavior and examine disloca-
tion features using transmission electron microscopy technique. Further, to
facilitate the analysis we shall focus on orientations of the following stress
axes which would maximize the differences in slip interactions:
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<001> No shear stress on the cube planes.

<111> Near maximum shear stress on the cube planes and
minimum shear stress on the octahedral planes.

<123> Equal shear stress on cube and octahedral planes.

There is ample theoretical work to show convincingly that dislocation
core structure is another important consideration for determining the intrinsic
ductility of a crystal (References 1, 2 and 3). In particular, dislocations
with planar core structure tend to be more mobile than those whose cores which
dissociate on several crystallographically equivalent planes. However, direct
observations on the dislocation core structure is difficult, if not impossible,
at present. It was proposed that yield strength asymmetry in tensile and com-
pressive tests could be used as an indirect indication of the dislocation core
structure (Reference 16). Following the procedures described in Reference 16,
<011> orientation of the stress axis, which provides the needed data for
determining the tension-compression asymmetry was also included. Finally an
attempt was made to integrate some of the experimental observations into a
model for predicting ductility behavior of Ni3Al single crystals.
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2.0 FEXPERIMENTAL
2.1 Preparation of Single Crys=-al Specimens
2.1.1 Growth of Single Crystal

Single crystals of alloys given in labie . wefs prejefiod aitf e
modified Bridgeman crystal growth technique. Abwutl 5 ag (10 Lt Y eack s,y
were melted in vacuum by induction heating using high uflly clefwnis fuf (he
charge. The molten metal was then poured iAto 4 prefsaled (ctaslc she.. m .3
with a helical crystal starter at the dotZlom which was :h (ontec! eith o
water-cooled copper chill. After pouring, *he 0.2 weas s.ow.y wilhdtawn f1rom
the furnace under conditions selected o promote growlh of a 2ing.e ctrats.
For most runs, the initial withdrawal rate was 6 mm Mour for .Ul mieutes
after which the rate was increased to !0 smiM™our fof The temeindst <! the
crystal. Based on previous experiments, this tec™icus Trpiceily teau.fa v
crystals with an <00l> growth direction. [n soms ceser aevets. ambinetlons
of temperature and growth rate paramsters were tried Smiote high gus.itv
single crystals could be produced. A schematic Jdiegtas of 1he csfrate. gtowing
system is given in Figure 2. More daetails of the disections. ac,idjficretiom
process for growth of single crystais say dw found in Ssference .° The
crystals produced for the current studies are 9C mm in Jdiapetier and (KU mm
long. Such large crystals are necessary in order toc hare syffjcient materias,
for machining of tensile specimens with stress ases a,ong ratioue me’ct
crystal directions. The appearance of the singi.e crryela. ngo! temcved ftom
the shell mold is shown in Figure !.

2.1.2 Characterization of Latge Single Ceyetai ingots

The single crystal ingots wvere centeriess ground and mectcetched ¢-
determine the presence of any secondary graine. Such greine, ¢ ptosent,  wste
marked and the remaining single crystal further chatactetinmd weing btach
reflection Laue x-ray diffraction technique. Pecsuss of the (arge Jimens;ome
(90 mm diameter, 180 mm long) of the cryetais uced in our atudiea, ,cca)
variations in crystal orientation due to formet:ion of subgraine wore cften
encountered. To obtain an average orientation for the [arge crveta.s it wae
necessary to sample the crystal orientation at 4ifferent (omratiome -n the
bottom and top faces of the crystal. Typicalir five spots were ejecttope)jched
at each end of the single crystal ingot and x-faved aiong *he aris ~f the
ingot. Examples of the distribution of crystal orientatione determined on
several locations from the top and bottom faces 2f the ingo! using iave
diffraction technique, are iilustrated in Figutes 4. 3 and & in which *ha
<001> directions from each location were plotted vith reference o throe
orthogonal axes chosen to be parallel to *he axis of the ingct and the dendrite
arm directions. The average orientations of the <«30i> dirtecti~ng are indicated
by square symbols in the plots. Figure 4 shows that the <T0i> grwth directiomn
of the Al 240 crystal is several degrees avav from the axis of the ingnt 3nd
that there is relatively little scatter in cryvstai nrientations at various
locations in the crystal. The orientation distribution piot for *hHe Ta (9%
single crystal, given in Figure 5, shows that the <Mi> crvstai gr-vth direc-
tion is nearly parallel to the axis of the ingot but *here is reiativeiv iarge
scatter in crystal orientations at various iocations, compared wvith Al 240
(Figure 4). An example which shows both a large deviation of the /001>
crystal growth direction from the ingot axis and relativelv large scatter in
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(_'f"".dl Jrlenlqal Lofts 13 3fuswhr Lix ,!.‘“.5(‘ T FLt T%e Sr _.w R LEvat g, b %
Aimtage ICLlENERELIAS ST “he single - £13%a1 L gty leflred Lo 'Ll mehiiel weie
used for MACALALAY apw iMEAS »l7f sEa. .flenfalloarsy T . .. L. ang

Cl2Ys 4% lescribed i "l (mAT sedtiom
AN A | Machinlng amt rdes” Tfeatomnt o7 Spo. Lmero

The specific “fratallogfaphAi. 20%s 74 .8 coct ltg.! lSefeftineld abicve
were "Ren ased Fu orfleal "he ings? fuf B Bining LT spmc lfeta ewlfl 3ltery aded
dligned along <00L-, <JLis, L.l and 103" T fu..ve.rg }foiwmdlicy wele
e Fieer, cylindelial aiuge abww! .. 2 ialmis? wei(e swifc c.o i s,
discharge machined (EDM) 4" rafious afng.es (a..w.0'@d Trom The . 1lentgl o T
rhe Lngot fo yield cylindets S "Am s ec@d Lticttal:i.wa Ajpeatarne . ! (he
ceyetal section effee "Re aslug femovel s shownm n Tigute The 3 pec st
sluge were Than eolufim Reet "reqfed fue 107 GStr 8t e Tk Se1 The L.nein
and the rantalud confaining "sfnafy7 3..973 &’ 2% .14 fur fhe tir conlairning
alloye. Subesquently, "he s.ige wefe %% .3 272’ lc8,.) plesased (M1} al ‘he
respect ive swlulion freaftent "empere?ite 5 | foute ef (K Wis ™.a
rroarment minioiies FNhe apwun® 7 cge%ing potoaify Ln The tvetala THe abial
oetentation of each wlug was reconfirmed 5r 4 for are.teie it fc machining
of reneile epacimene Pla"e "ipe fensi.e 2poc ifwns wi'h Jimenasiona g.ven .n
Figure 3 were rthen wite EDM feom “he H(F 2..g0

2.2 Bveluation Hf Teneile Feropme® ‘eoe

Tonsiles Pecting wae ~oaducted in aie a2 [3Y, 30, (1% amd | l4sl qasng
constgnt croee -head spesd whirh correspondad "o an initis, attain tate of
xto per second. (! a0 Tailure accurred after abovy? (U 2317ain the ctcoa
head speed was increased (U fiase i, ftactyte Tenai.e e ongation waa
measured from the lisplacement of Pwo arribed twrtee v *he gage soction cf the
wecinen. The rensile yvield strength wae mmasuted a® > (% cffaet and the
ultinats tensile stcength letersined from The nanxismam .»ad and the nitia,
specimen cross-sectional atea. Work hardening rate vae meseaured from the
sluope of the tensile sfemas-aPrain cutve a' 3 prastic etrain ~f % yn which
the rates of hardening appeared *o reach eteady va.wea in *osta ronducted 3t
293 and 00K,

2.} Chatacterization of Microsttuctyres and Def-crmation Mehavicr

The microstructure of sach of the aliovs was determined using standard
optical metallographic techniques. The composition ~f phases present in
selacted alloys were studied using a quantitative eiectron micraprobe feoch-
nique with elemental standards as references.

As tensile ftesting was conducted in air surface sliip iine analvsis was
not possible for most cases due to the axidized surfaces. The deformation
behavior was analyzed using transmission electron microscopv (TEM) techniques.
For TEM analysis, )} mm diameter discs were taken from wafers cut with a
diamond saw parallel to the primarv octahedral slip plane and both octahedral
and cube planes for specimens tested at elevated temperatures. The foils were
electropolished using a solution of 67 perchloric acid in equal parts of
methanol, ethanol and butanol in a Fischione twin jet electropolisher operated
at 30V, T mA/mm, and 258K. The dislocation characters and nature of stacking
faults was studied in various diffraction contrast conditons. The a/2<110>
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rype dtslocations were ilentified using g-b = J criterion, 4nd the criterion
outlined by Kear et. al (Reference [¥) when 4, 3I<211> tislovations will be
invisible 1f g b = 0, =L/3, -2/) sr *4/ ) and visible 1t g-b = 2.3, -4, 3, t)

or 2. The intrinsic/extrindic natyre of stacking faults vas Jdetermined by
observ.ng changes tn fringe confras? at the rop and botrom of the foil followed

the procedures of Howle and Hashimoto et. sl (Reference 19).
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3.0 RESULTS

The preparation of the large single crystals 30 mm 1n Jdiameter and 180 mm
long proved o be a major challenge. [t was found that crystals of some
alloys could be grown relatively easily while others required several runs,
each with a di1fferent comdinativa of Temperature and growth rate parameters,
before high quallity single crystals could d@ produced. Unfortunately, growth
of large wingle crystals of Al 130 and 3n 1)4 was unsucceasdlu] deaplile seversl
teials for each of these alloys., Sedl.ef cryita.s ()5 mm Jiamwtor hara) of Al
290 weres produced whAlch aecessarily (iBl%ed Thw acope of evadiuellion for thias
particular alluoy. % Sa J34 single cryitels wefe oblalne: undet The wide
rangs of growth covaditione. The snalryied composifions vf The aingle cTyalsl
tngots arw given in Tedle . ond show on.y 8inur devialions ffom the aim

y. L Microetcuctute

The mlcroszructiuyres o7 e, "Me Yifety e,.07 dinng.e ctrslglas in the
ag-cast condiftilon coneiet of NiA, end !s)l; thaves Figute §) The amount ot
the NIAL phase increases with (ncrsasing A, contZlent! snd about .0 voume
percent was observed in Al 1’0 in which he NiAl phess foromd sa dendrites
The microsteuctuces 2f *he Al 130 and A I'7 remeined sssontia..r unchanged
while Al 140 was almwet complsteirs homogenised ofs? 1% heat ftestment a1
L477% foe 100 hours The cshese compoati?ions of si.ore &) %0 and A (70 wets
determined using slecticton Biceopeode “excniquess and *he tesu ls ste given in
Table | which show that "he %i A, (s a.ight .7 Aypoatojchiomsitic snd hvper:
«ertotchivowteic tn alloye Al :53 and A, :°C, tespective s

The miceoercuctutes ¥ *he 2{ia--rn sining ‘5¥l; 8.:0ve appest tathet
similac. The liffarences are prigmri.7 in 2w et snd 2iatridytion of the
phases. Therefors, miceostitucture and e.ectiton pirroprolw tesu,te ate pre-
sented for Sn 114 only, othet silove ehowed simi.ar reevita Figure 0 ahows
scanning electzon mictographs 2f he Sictostrawiute of %n [jé aing.e rrvaty]
in the as-cast condition. Tre presence ~f *"hree 2ifferomt plases, .ahe,.ad A,
B and C in Figure (0b, is appacent  Hes tresting *he s..c7 for 30 hoyre st
1119K produced no impocrtant chenges in *™e dicrostrac?are (Figure i1 aithrygh
the phase doundaries Decame more tistinct. As shown in Table 4, armpe - hanges
in phase composition took pisce during weat tresatment. TJabie & siwn showe
that Phase A, the major constituent. it *he ternarr Li. phase %Nj_ A, phase R
is prodably s DO o phase Ni Al substituting at “he Sn §ubiattice and Thaes ©
is probadly a B8 fvpe compound M‘Sn,. again vith some substitution ~f A] n
the Sn sublattice. As will be shown“later. these secondarv intermetal.ic
phases are rather bdrittle and resulted in premature failures ~f a3, the
Sn-modified single crystal specimens.

The microstructures of the tantalum-containing Ni_A. aiicve coneigt ¢
Ni_ Al and NiAl phases. As expected, *he amount of the NiAl phase increasez
w.th the aluminum content and reaches abcocut 8 vo.ume percent in aiiov Ta ..~
which contains the highest Al content. Both “he microstructure and phase
composition in the tantalum-containing allovs were found to be rather stabie;
only minor changes resulted from a heat treatment for i00 hours at i477¥
(Pigure 12). The compositions of the phases in allov Ta 225 are shown in
Table 5 which shows 1 much larger solubilitv for Ta in Ni_Al, than in the NiAl
phase. Further, if one assumes that all the Ta atoms occupv onlv the Al
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sublattice sites, then the Ll? phase in Ta 225 is hyperstoichiometric as
intended.

3.2 Strength of Ni,Al Alloys

3
3.2.1 Yield Behavior

A comparative study of yield strengths in the binary and ternary
alloys is considered crucial to a basic understanding of the ductility of this
class of materials. Tensile testing was conducted in the four major orienta-
tions <001>,<01il>,<11l> and'2123> beLwveen room temperature and 1144K at a
nominal strain rate of 3xl0 = per second. To provide a further characteriza-
tion of plastic anisotropy compression tests were also conducted in the <001>
and <0l1> orientations at approximately the same strain rate condition for two
off-stoichiometric variants of both the binary and tantalun-modified alloys.
These orientations were chosen since they are known to show a maximum flip-flop
in tensile and compressive yield strengths (Reference 9).

[t was noted that the ductility of the tin-modified alloys An 204 and Sn
214 was consistentliy lov, generaqlly below 5SX regardless of the orientation of
the stress axis and that the tensile yield strengths vere found to be consid-
erabdly lower than those obtained in compression. Sectioning of tensile tested
specimens revealed extensive cracking of the secondary phases, as shown in
Figure L], which no doudt resulted in the lov apparent tensile vield strengths
and premature tensile fatlures observed. Therefore, the tensile data obtained
for the tin-containing alloys wvill nut be discussed any further. The tensile
yleld strength and the ultimate tensile strength are plotted against tempera-
tute for all the four major orientations for the allovs Al 240, Al 250 and Al
270 in Figure (4 and for alloys Ta 199, Ta 205 and Ta 225 in Figure 15. The
resulls are also listed in Tables 7 to il for each ailoy in with angular
cootdinates descriding actusl axiasl orientation for esch specimen. It can be
verified that in slmost sll cases the actuai orientation is within 10° of the
designated msjor orientation. Thus for most of the gualitative discussion the
designstc? ocrientation is sulficiently accurate. However, for quantitative
evaluation of resolved shear stresses the aclual calcuiated values were used
as listed in the tabdles.

Note that in all sin alloys thete is evidence of an increase in vield
strength with temperature at least for the <D0i> orientation. For the nickel-
rich binary alloy (Al 140) the anomaious dehavior is strongly displaved bv all
otientations and the yield strengths reach a maximm at about 1000KE. With
increasing aluminum content. the vield strength peak temperature shifts to
700K. Nonetheless, the absoiute level sf strength and the nature 5f the
ocientation dependence of the vield strength ate not aitered significantiy.

[n contrast, for the ternary allovs with increasing aluminum content, the peak
temperature is lowered %0 a [esser extent but the absolute levei of strength
and the orientation dependence of strength are strongiv affected. Note for
example that for the nickel-rich Ta 195 the <lii> orientation is stronger than
<001> orientation below 800K but for the stoichiometric ajiiov Ta 205 <001>
orientation is significantlv stronger than <iii> orientation at ali ‘empera-
tures above room temperature. [n other words vhiie the strength cross-over
between <001> and <111> orientations occur at around 800K in the case nf Ta
195, for Ta 205 and Ta 225 it occurs near room temperature. The temperature
dependence of ultimate tensile strength parallels the observations for vield
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strength, albeit at a higher strength level showing lesser anomalous rise in
strength.

To understand the yield strength observations in a fundamental sense, it
is essential to analyze the results in terms of resolved shear stresses on the
operating slip systems for the materials. This is a trivial exercise for
materials deforming by one family of slip systems with Schmid's law being
strictly obeyed. Such would be a case for disordered solid solution alloys
with face centered cubic (fcc) structure where deformation can be assumed to
occur on octahedral slip systems with little deviation from Schmid's law.
Conformance to Schmid's law allows determination of a unique value of critical
resolved shear stress (CRSS) for the operating slip system, independent of the
orientation of the stress axis. However, for the class of Ll, ordered
compounds under consideration two factors complicate such an analysis. First,
even without considering other complicating factors (see later discussion) the
deformation behavior must be described in terms of two possible slip systems.
These are {111}<110> octahedral type slip systems and {100}<110> cube type
slip systems. Secondly, it is well established that Schmid's law is not
strictly obeyed. That is the CRSS is not an invariant with orientation of the
stress axis. The CRSS for octahedral slip is perturbed by the dislocation
core transformation due to the constricting shear component of the stress
tenser in <112> directions (Reference 16). This deviation is best assessed by
the tension/compression asymmetry as presented later in this section. Never-
theless for the purpose of comprehending the preceding complex observations of
yield strength behavior, it is useful to phenomenologically assume that the
two slip systems operate independently without mutual perturbation and that
the Schmid's law is approximately valid.

With those simplifying assumption the temperature dependence of the CRSS
for octahedral slip can be easily deduced using the actual resolved shear
stress (RSS) values for the <001> orientation. These values are calculated
for each alloy and listed in Tables 7 to 12. The choice of <001> orientation
is appropriate since the resolved shear stress for cube slip in the vicinity
<001> is insignificant. The determination of CRSS for cube slip, however,
needs some extrapolation. At temperatures where the yield strength of <111>
orientation is comparable or lower than the yield strength of the <001>
orientation, the CRSS for cube slip can be calculated using the yield strength
values for the <111> orientation. This is valid since it can be shown that if
octahedral slip were the only operative slip system, then based on the ratio
of Schmid factors the yield strength of <111> orientation should be exactly
1.5 times the yield strength of <001> orientation. Thus for comparable yield
strength values for the <001> and <111> orientations, independent operation of
cube slip can be safely assumed. At temperatures where the yield strength of
<111> orientation is higher than that of <001> orientation, it is not possible
to determine the CRSS of cube slip without possibly studying pure shear
deformation. In this case the CRSS for cube slip is assumed to increase with
decreasing temperature and the low temperature values determined by extrapo-
lation. In this manner CRSS as a function of temperature for both cube and
octahedral slip has been deduced for four zlloys as presented in Figure 16.
The extent of error shown by shaded band for the CRSS plot of octahedral slip
is derived from a tension compression asymmetry experiments as discussed
later.
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A comparison of these plots of CRSS versus temperature in Figure lo
clearly shows the trend in the interrelation betveen the CRSS uf the two slip
systems for the four alloys representing the extremes in the binary and
ternary alloys. For the nickel rich binary alloy Al 230 the cross-over
between the CRSS of cube and octahedral slip occurs at the highsst temsperature
of around 925K among the alloys evaluated. With increasing aluminus content
for the alloy Al 270 the cross-over temperature is decreased though not
sharply defined. For the ternary nickel rich alloy Ta 195 the cube slip
becomes a competing slip mode at even lower temperature. Finally the aluaminuas
rich ternary alloy the two slip systems becoms equal in strength at as low as
600K. These observations are consistent with our ohservations of dislocation
structure in these alloys. No clear evidence of cube slip has been obtained
for the binary nickel-rich alloy Al 240 where cube slip is expected to be
activated at higher temperature only. In contrast for ternary alloys evidence
or cube slip is readily obtained consistent with the low CRSS for cube slip at
lower temperature. It is also interesting to note that while the CRSS for
octahedral slip is significantly enhanced at lover temperatures vith ternary
additions, the CRSS for cube slip is not altered to a great extent. The
implication of these findings on ductility will be discussed in Section 4.0.

3.2.2 Tension/Compression Asymmetry of Yield Strength

In the preceding section it was noted that the assumption of strict
validity of Schmid's law is not correct. To assess the deviation from Schmid's
law, which is attributed to dislocation core constriction effect, compression
tests were carried out at room temperature and 700K for the alloys Al 240, Al
270, Ta 195 and Ta 225 in both <001> and <01l1> orientations. The results are
presented in Table 13. The room temperature data for all four alloys are also
compared using in Figure 17. The data for 700K are similar in nature except
for the Al 240 alloy. If Schmid's law were strictly valid one would expect
both <001> and <011> orientations to have equal yield strength both in tension
and compression since the Schmid factors in both orientations are identical
for octahedral slip system. Clearly such is not the case for the ternary
alloys is apparent from Figure 17. The deviation is of the order of 100 and
200 MPa for the Ta 195 and Ta 225 alloys respectively. This is consistent
with the observed tension/compression asymmetry for tantalum and niobium
modified ternary alloys as published in the literature (References 9 and 16),
in both cases here the <001> orientation is observed to be stronger than <011>
orientation in tension and vise versa in compression. This behavior is quite
well explained in terms of a constriction stress parameter which either leads
to constriction or extension of superdislocation core structure thereby aiding
or abating the cube-cross slip process and effectively enhancing or reducing
the CRSS for octahedral slip respectively. The critical aspect of the mecha-
nism is that the behavior is reversed in going from tension to compression for
the same orientation. Qualitatively a greater magnitude of asymmetry repre-
sents a wider spread of core structure. For dislocations with a truly singular
core structure, it is difficult to envision effect of any other component of
stress tensor, other than the resolved shear stress on the glide plane,
playing significant role in determining the motion of dislocation. Dependence
of deformation behavior on more than one shear component of the stress tensor
is essentially observed as deviation from Schmid's law.
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For the binary alloys, owing to the lower absolute magnitude of the
stress it is difficult to convincingly conclude any significant deviation from
Schmid's law. Considering a variation in crystallographic orientation and the
fact that the tension and compression tests were not carried out on the same
specimens, the deviation in strength does not seem statistically meaningful.
Nevertheless to be consistent we have attempted to estimate the extent of
error involved in deducing the CRSS for octahedral slip system as plotted in
Figure 16 for all alloys. This is calculated as a difference between the
maximum and the minimum values of the yield strengths for the <001> and <011>
orientations at room temperature for all alloys. A shaded band equivalent to
this difference is shown in Figure 16 for the CRSS curves for octahedral slip
and is allowed to shrink with increasing temperature to reflect the fact that
one expects the effect to vanish at higher temperatures. Even with this crude
quantitative estimate, it is clear that the deviation from Schmid's law
increases with increasing aluminum content and ternmary addition. Thus the
decrease in the cross-over temperature of the CRSS of cube and octahedral slip
systems parallels an increase in tension compression asymmetry or deviation
from Schmid's law in going from a nickel rich binary alloy Al 240 to aluminum
rich ternary alloy Ta 225. Without further theoretical development it is
difficult to understand the factors affecting the dislocation core structure
and the relative values of CRSS for the two slip systems.

Note that in all six alloys there is evidence of anomalous increase in
yield strength with temperature at .zast for the <001> orientation. For the
nickel-rich binary alloy (Al 240) the anomalous behavior is strongly displayed
by all orientations and the yield strengths reach a maximum at about 1000K.
With increasing aluminum content, the yield strength peak temperature shifts
to 700K.

3.3 Strain Hardening

Generally, for a given test condition the rate of strain hardening in
an alloy changes depending on the level of strain/dislocation structure. For
single crystals, stages of strain hardening have been observed which were
shown to be associated with different dislocation mobilities (Reference 20).
Figures 18 and 19 show examples of the tensile stress and strain behavior for
some of the alloys studied - Al 240 and Ta 195 at 293K, 700K, 1033K and 1144K.
The strain hardening behavior is seen to be dependent on the orientation of
the stress axis, temperature, alloy composition and strain level. For a given
alloy and specific stress axis orientation, the work hardening rate is rela-
tively constant with strain at the two lower temperatures. However, at higher
temperatures, softening, following initial strain hardening, can be observed
in both alloys. This phenomenon is more pronounced in the binary alloys,
indicating operation of thermally activated recovery mechanisms. We shall
restrict our ductility study primarily to lower temperatures where recovery is
not an important complicating factor. Strain hardening measurements were
made, whenever possible, at about 52 strain when the rate of hardening ap-
proaches a steady state value for most alloys. However, as will be shown in
Section 3.4 a number of specimens failed at less than 5% strain and therefore,
observations of their strain hardening behavior as a function of stoichiometry
and alloying addition are rather limited. Figures 20 and 21 show the strain
hardening data for the binary alloys and the tantalum-modified ternary alloys
at 293K and 700K. Several interesting trends can be observed from these
figures. In the binary alloys, the work hardening increases with increasing
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temperature and aluminum content. For a given temperature and stoichiometry
the working hardening also changes with the orientation of the stress axis,
and in the binary alloys work hardening increases in the following order:
<110>, <123>, <001> and <111>. 1In this case a clear correlation of strain
hardening and ductility can be made, ductility is inversely related to strain
hardening. Ductility results will be presented in Section 3.4.

The strain hardening behavior of the tantalum-modified alloys differs
from that of the binary alloys in several important ways. For a given orien-
tation and at room temperature the magnitude of strain hardening is generally
higher in the ternary alloys than the binary alloys of corresponding stoichio-
metry. As will be shown in Section 4.3, differences in work hardening between

the binary and ternary alloys are basically related to the type of dislocations

present. At 700K, the strain hardening in the ternary alloys is reduced
rather than increased as in the binary alloy. As will be shown in Section
3.5, the drop in strain hardening in the ternary alloy at higher temperature
is related to the activation of the {001}<110> slip mode. An inverse relation
between strain hardening and ductility can also be observed in the ternary
alloys.

3.4 Tensile Ductility

The general effects of alloy composition and test temperature on the
tensile ductility of boron-doped polycrystalline nickel base L1, alloys are
now well known. In particular, ductility decreases with increasSing aluminum
content and/or additions of strengthening solutes and with increasing tempera-
ture. The drop in ductility at low temperatures is usually attributed to a
compositional effect on the grain boundary segregation behavior of boron
(Reference 21). The decrease in ductility with increasing temperature has
been attributed to environmental effects (Reference 22) and deformation on
{001}<110> slip systems (Reference 23). One of the objectives of this program
are to determine the relative importance of these ductility limiting factors
and provide insights into the intrinsic ductility behavior of the nickel-base
le alloys.

Tensile ductility of single crystals of binary alloys with aluminum
levels of 23.5, 25.0 and 26.5 atom percent (alloys Al-240, Al-250 and A1-270)
and their tantalum-modified counterparts Ta-195, Ta-205 and Ta-225 are shown
as a function of stress axis orientation and temperature in Figure 22. First
examining the ductility behavior of Al 240, one sees that the ductility in
this alloy is strongly influenced by the orientation of the stress axis.
Below the yield stress peak temperature, at about 1033K, the ductility de-
creases in the order <011>, <123>, <001> and <111> and for a given stress axis
orientation, the ductility decreases with increasing temperature. Both of
these ductility trends can be correlated with the work hardening behavior
described previously in Section 3.3. Higher ductility is associated
with lower work hardening. The relationship between stress orientation,
ductility and work hardening is treated analytically in Section 4.0

Several interesting alloy compositional effects are obvious from Figure
1. Generally the ductility decreases with increasing aluminum content at
temperatures below the yield strength peak. The hypostoichiometric alloys Al
240 and Ta 195 are considerably more ductile than the hyperstoichiometric
alloys Al 270 and Ta 225 respectively. The stoichiometric effect on ductility
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is especially pronounced in the case of the ranla s muliTfiad e..v)» Tris
observation indicates clearly that the poor Jucf:i. ity vboefved 1k tThe burton:
doped hyperstoichiometric alloys in polycrystal.ine form .5 tdalce..) fe.efmd
to the intrinsically poor ductility in such alloys ratdmr 'hat e composliflutia.
effect on boron segregation to grain boundaries. As wil. e sthowt, (he teduc
tion of ductility with increasing aluminum coateal is sccompeiiad by hanges
in dislocation structure and fracture behavior.

Addition of a strengthening solute such as tanta.us «¢.%lcfa 'he 3RT73inaic
ductility in two important ways relative to the dinary e..oxs Mact3ZLty
levels of the ternary alloys are lower, exceptl al temperatures 3.:ghtly be.ow
the yield strength peak. At such temperatures the Tenpiie ductijity of the
ternary alloy is enhanced, rather than reduced as in the caws of The Linety
alloys. The ductility enhancement in the tarnary elivys is most promceunced in
the <111> and <123> crystals. As will bDe shown latesr, M Suc?ilily improve:
ments in these crystals resulted from slip on (001)<l10> systoms which becobs
more favorable than the {111}<110> systems at tamperatures near the vield
strength peak. Although the operation of the (0011<ii0) systems cen Jeaad tc
high ductility in a solute strengthened alloy in single crratal form, it tends
to reduce the ductility of the alloy in polycrystalline fore due to atrein
incompatibility at grain boundaries. Thus one wouid expec! the Jwtility of
polycrystalline Ta 195 to be lower than Al 240 at rous tampereture and the
difference would be larger at temperstures slightly below the yield atrength
peak. This has indeed been observed (Reference 24&).

3.5 Dislocation Characteristics and Deformation Behavior

3.5.1 Binary Ni.Al Alloys

3

We shall start with the stoichiometric Ni.Al alloy, s baseline for
observations on off-stoichiometric effects. ﬁccc&tly. Baker and Schulson
studied in detail the dislocations and stacking faults in the stoichiometric
alloy as a function of deformation temperature in the range 77 to 1032K
(References 25 and 26). Partly out of necessity because of our unsuccessful
attempts to grow large single crystals of this alloy, we shall use primarily
Baker and Schulson's results as a reference. Baker and Schulson observed two
types of dislocations in the stoichiometric Ni. Al alloy: anti-phase boundary
(APB) coupled screw dislocations with a Burgerid vector of a/2<110> and super-
lattice intrinsic stacking fault (SISF) - coupled dislocations with a Burgers
vector of a/3<211>. At low temperature (77 to 673K) both types of dislocations
were found to be present and at high temperatures (873 to 1023K) most disloca-
tions were observed to be the APB pairs. In addition, a transition from
octahedral {111} slip to cube {001} slip was found to occur near the yield
strength peak temperature. Figure 23 shows the appearance of dislocations in
Al 250 produced by straining along <111> at 1144K. At least two sets of
dislocations can be observed. Diffraction contrast analysis indicated that
the dislocations were APB-coupled screws with a/2{101] and a/2[101] Burgers
vectors and lie on cube (010) planes. These observations are entirely consis-
tent with Baker and Schulson's results.

Tensile straining of the hypostoichiometric Al 240 at 293K resulted in
both stacking faults and dislocations which both lie on {111} planes (Figure
24). The stacking faults were determined to be of the SISF type. However,
the exact character of the dislocations has not yet been determined. Electron
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diffraction contrast results indicated that these dislocations were definitely
not the APB-coupled screws. The presence of SISF suggests perhaps SISF-
coupled dislocations as observed by Baker and Schulson in the stoichiometric
alloy. However, diffraction contrast experiments were unable to confirm the
a/3<112> type dislocations as the bounding partials. Perhaps a more complex
dislocation dissociation scheme is operative in Al 240 which involves the
formation of APB and complex stacking fault (CSF) and a/6<112> partial dislo-
cations as described by equation (1) (Section 1.0) which was proposed by
Marcinkowski et al. (Reference 11). On the other hand, a different type of
dislocation was produced in Al1240 by straining at 1033K (Figure 25). In this
case the dislocations were unambiguously identified as the APB-coupled screws
having an a/2<110> Burgers vector, similar to those observed in the stoichio-
metric alloy. However, unlike the stoichiometric alloy, cube slip was not
observed in Al 240 up to the highest test temperature (1144K) even for the
most favorable stress condition (straining along <111>). Thus, reducing the
aluminum content promotes SISF type dislocations at low temperatures and
suppresses cube slip at high temperatures.

Turning now to the hyperstoichiometric Al 270, the dislocations observed
here are APB-coupled screws with a/2<110> Burgers vectors. The type of dislo-
cations remain unchanged for deformation in the temperature range studied of
293 to 1144K. Further, no SISF were found in this alloy. Although the
dislocations produced by high temperature deformation are similar for all the
binary alloys, important differences in the spacing of the superlattice
partials bounding the APB can be observed as shown in Figure 26. The spacing
of the partials which were imaged using a weak beam dark field technique were
measyred to be 5 nm and 3.5 nm and the calculated APB energies are 163 and 233
mJ/m® for Al 240 and Al 270, respectively, indicating an increase in APB
energy with increasing aluminum content. As in the stoichiometric alloy, cube
slip was also observed in Al 270 after high temperature deformation. Figure
27 shows the dislocation activity on (001) plane resulting from about 4%
tensile strain along <123> at 1033K. Thus increasing the aluminum content
suppresses the formation of SISF and increases the APB energy.

3.5.2 Tantalum-Modified Ternary Ni3A1 Alloys

Relative to the binary alloys, three important differences were
observed. Throughout the entire temperature range studied of 293 to 1144K,
the dislocations in Ta 195, Ta 205 and Ta 225 were found to be similar and are
the APB-coupled screws with a/2<110> Burgers vectors. No stacking faults were
observed in specimens deformed at 293K even for Tal95 which has the lowest
aluminum content (Figure 27). Secondly, the spacing of the dislocation pairs
in the ternary alloys must be considerably less than the smallest spacing of
3.5 nm determined in the binary alloy Al 270, as it was not possible to
resolve the dislocation pairs even in Ta 195 which is expected to have the
largest spacing in this alloy series. Thirdly, cube slip occurs more readily
in the Ta- modified alloys than in the stoichiometrically equivalent binary
alloys. Figure 28 shows profusion of slip on (100) planes in Ta 195 due to
straining at 1033K; no cube slip in Al1240 was observed even at 1144K. Fur-
ther, evidence for cube slip at even lower temperatures in this alloy can be
observed in the ductility versus temperature curve shown in Figure 22. The
rapid rise in ductility with increasing temperature starting at 600K in the
specimens strained along <111> and <123> axes is a strong indication of cube
slip activity.
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In summary, the effects of tantalum additions on the dislocation ana
deformation behavior in Ni,Al appear to be similar to increasing the aluminus
content in binary Ni,Al. gither alloying change suppresses the formation cf
SISF, increases APB énergy and promotes cube slip. On a per atom basis, the
tantalum effects are more potent.

3.6 Fracture Behavior

In the final analysis, it is the fracture which limits the ductijity
of an alloy. Thus, basic understanding of the fracture mschanisms and fracture
criteria of single crystals would provide additional insights into the in-
trinsic ductility behavior. In the present program, fracture in the bdinary
Ni_Al and tantalum-modified single crystals were studied as a function of
alioy stoichiometry, stress axis and temperature. Fracture surfaces vere
characterized in terms of the general appearance and orientations of the shear
facets which were determined primarily from geometric msasurements. Limited
x-ray diffraction measurements were also used to confirm results derived fros
geometrical measurements. In fractures which consist of small facets the
indexing of the facets was experimentally more difficult and results are less
certain. The appearances of fracture in the binary alloys Al 240 and Al 270
at 293 and 700K are shown in Figures 29 and 30, respectively and the orients-
tions of the shear facets summarized in Table 6. Tt can be seen from these
results that the fracture behavior in Ni.Al alloys is quite complex. It
varies significantly with alloy composition, temperature and stress axis. For
a given temperature and alloy composition, for example Al 240 at 293K, fracture
on {100}, {110} and {111} was observed depending on the specific orientation
of the stress axis. The observations in binary alloys are in contrast to
those by Aoki and Izumi on Ni3(Al, Ti) and Ni,Ge in which they observed that
fractures in these two compounids occurred by Cleavage on {001} facets only
(References 13 and 14). Further, Aoki and Izumi showed that the fractures in
Ni, (Al, Ti) and Ni,Ge occurred when the normal stress on the {001} planes
reached a critical Vvalue, i.e. the normal stress fracture criterion applied.
Because the fracture in binary Ni,Al crystals occurs on different fracture
planes depending on the stress ax?s orientation, obviously the fracture
criterion is more complex. The fracture behavior of the tantalum-modified
alloys is different from the binary alloys but equally complex. At present,
we are unable to determine quantitatively an appropriate fracture criterion
for either the binary or the tantalum-modified alloys. However, the following
approach is suggested for future development of fracture criteria in Ni3A1
alloys.

The approach is based on two important observations. There was no
necking in fractures below the peak yield stress temperature in both alloy
systems, indicating that, macroscopically, fractures at these temperatures
occur in a brittle manner. Secondly, surface cracks were often observed prior
to fracture. These observations suggest a critical stage in the fracture of
these alloys is the formation of surface cracks of critical size. Thus, an
appropriate fracture criterion will have to take into consideration the
mechanisms of surface crack formation and propagation. Since surface steps
could provide stress concentrations as large as cracks (Reference 27), they
also could be considered as a candidate for fracture initiation. Of interest
for intrinsic ductility are the surface steps produced by slip. For a given
surface step radius and angle, the stress concentration increases with the
step height (Reference 27). It could be hypothesized that a surface crack
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would form when the stress concentration/step height reaches a critical value. )
Mechanistically this means that a crack would form after a critical amount of [
shear on a slip system. We shall use this concept in modeling the ductility [ Y
behavior in the Ni3Al alloys in Section 4.2. W
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4.0 DISCUSSION

An important barrier to development of intermetallic compounds for high
temperature applications is the brittleness observed at various temperatures.
One of the objectives of this program is to gain insight into the brittleness
problem through a basic understanding of the relationship of dislocation
behavior and tensile ductility of the compound in single crystal form (intrin-
sic ductility). The compound selected, the L1, ordered Ni,Al, exhibits many
complex dislocation characteristics and serves as a good prototype for other
intermetallics. Current theoretical understanding of alloying effect on Ll2
phase stability and dislocation structural configurations indicate that
macroalloying technique could be used to produce a variety of dislocation
behavior in the Ni_Al phase. The selected alloying changes were modification
of nickel content (stoichiometry), addition of tantalum and tin. The expected
dislocation structural configuration, summarized schematically in Figure 1,
were CS/APB coupled dislocations in nickel-rich (hypostoichiometric) binary
alloys, APB-coupled dislocations in tantalum-modified alloys and SISF-coupled
dislocations in tin-modified alloys. Further, the tantalum addition tends to
result in nonplanar dislocation core structure, adding yet another variation
in dislocation behavior. Nine alloys with compositions given in Table 1 were
selected. Since the ductility in Ni_ Al single crystal is known to be aniso-
tropic and temperature dependent tensile testing of the single crystal speci-
mens was conducted on stress axes <001>, <011>, <111> and <123> and at 293,
700, 1033 and 1144K. The stress axes were selected to study the interaction
of octahedral and cube slip and the tension-compression yield strength asym-
metry which is an indication of dislocation core structure. To fabricate
tensile specimens of these orientations and with dimensions adequate for
realistic tensile tests, large single crystals 90 mm diameter and 180 mm long
were grown. No previous single crystal study program of this magnitude is
known to the authors. To produce such large crystals of the selected nine
alloys and the necessary background of the solidification behavior in most
cases, proved to be a major task. We were successful in producing good
quality large crystals of the selected alloys except Al 250 and Sn 234.
Single crystals of Al 250 were produced as 25 mm diameter ingots but the
growth of Sn 234 single crystal was unsuccessful using a variety of growth
conditions. Thus only eight alloys were tested. Unfortunately results from
only six alloys were useful all the tin-containing specimens failed prematurely
by cracking initiated in the secondary intermetallic phases which formed in
the alloys during solidification.

As noted above the focus of this study was the attempt to explain tensile
ductility elucidated by dislocations and tension-compression asymmetry tech-
niques. In addition strength levels, strain hardening and fracture behavior
of the crystals were also studied. Important results are summarized and
discussed below.

4.1 Effect of Temperature and Orientation on Ductility

Results summarized in Figure 22 show that the ductility behavior is
rather complex. Both orientation and temperature have major effects on
ductility and the effects vary significantly between alloys. For the binary
alloys ductility generally decreases with increasing temperature for all
orientations and reaches a minimum at about 1000K for Al 240. The ductility
minimums for the Al 250 and Al 270 are in the temperature range 700K to 1000K
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depending un speciity LrienfaliuAs.  f.f 2 goiek TeMperalofte Lt &L e lhe
ductility decreases in Trne Lflef ..., .ofc oo abd ~Ll 0 ediept teal The
ductility minimum where The <...- .filen®ali.f aifeals "V e fnte Ju.Tl.c e
orientation-ducrility relariinsnips afec fwufc . Mg -cd 1 Tfhe L The! Twe llhaln
alloys.

In contrast ro rhe Blaary a.luys, Tfe Juc¥l_:%. F The Tarfa.um madlfled

ternary allovs show a4 lifferent Tempera’.fc lepensdefive, ci'fe! fomalliig
relatively unchanged or increasiag wi'h Temperal.fc Jepehding of The speu ¥l
orientarion. Most remarkable i3 The fa3Tfhet fapil lH(feade 8 QulTillthy owlth
temperatuyre tn rhe <lll. and <L} setentati . ns capecia..y in la .5'

To fully explatn the cumplex Juctilify whavi.f feguifeas a lJelal.ed
knowledge of rhe vperative slip avsfems a5 a fupr fion of sflentalicn and
temperature, crack itnitiation mechaniasm and 2facture crilefion in theae
alloys. However the matn features of the Iucfti.ify patlern can be adcounted
for if we concentrate uon the plantic fLow fealures ! the process The
following analysis Ls prodably more applicabie "o [ov 'edperatures, the known
influence of environment at higher ‘emperalures cou.d compiicale the pictuyre
although the extent of rthe effect tan single crvstain is no! we) documented
The CRSS data shown tn Figure 6 tndicates the reiative eane cf flow on the
two major competifive wystems, octahedral and cube #.ip. in principle the
ductility of a crystal can be related to "he nunber and mobility cf disloca-
tions. The interaction of dislocations on intersecting slip pianes can lead
to immobilization or locking »f dislocations by the Cottrel:-Lomer mechanism,
for example. [n the Ll, lattice other important factors include the octahedral:
cube cross slip process and “he tendency 'o nonplanar core structures for
certain allovs. We have not attempted 'co analvse the details of these processes
directly but consider that the number aof dvnamic slip svatem interactions will
be a measure of the frequency of immobilization events and that work hardening
rate will be an index of the strength of the interactions. Thus by using the
CRSS information, shown in Figure 16 and the work hardening rates summarized
in Figures 21 and 22 ductility trends can be explained. For example in allov
Al 240 only octahedral slip systems can be activated because of the high CRSS
on the cube system. As predicted the <1l13> and <l10> orientations which have
larger shear stress on the octahedral systems and/or smaller number of compet-
ing slip systems show higher ductility than <l111> and <001> orientations. As
temperature increases, the cube slip systems become increasingly favored thus
increasing the slip interactions which mayv account in part for the general
drop in ductility. The proximity of the temperatures of ductility minimum and
the cross-over of the CRSS for octahedral and cube slip may be significant.
The ductility trends in Al 270 can be explained similarly. Note that in Al
¢70, the relative differences in CRSS between the octahedral and cube systems
are considerably smaller and the equi-CRSS temperature is also lower. This
could partly explain the generally lower ductility level and lower temperature
for minimum ductility in this alloy compared with Al 240.

The next section develops a quantitative model for these processes and
can account for the ductility behavior within alloys. However, it cannot
account for the large effect of alloy composition on the absolute values of
ductility, an issue that is treated in Section 4.3.
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4.2 Modeling of Orientation Dependence of Ductility

Experimental determination of orientation dependence of ductility was
carried out with the objective of gaining an insight into the intrinsic
ductility. The concept was to use the crystallographic orientation of a
simple tensile state of stress as a variable to probe the behavior of two slip
systems and the interaction between them. As a first step towards achieving
this objective an attempt has been made to rationalize the orientation depen-
dence of ductility by evolving a mathematical model. The model is aimed at
providing a quantitative expression for two qualitative concepts which are
well recognized. The first concept or requirement is that in a single crystal
body the total strain must be resolved as shear strains distributed among
various slip systems somehow in proportion to the resolved shear stresses as
well as satisfying compatibility conditions. Thus a symmetric orientation is
expected to deform by multiple slip systems and an unsymmetrical orientation
by largely a single slip system with extensive rotation. The second concept
is that the larger the number of operating slip systems, the larger may be the
interaction and work hardening. Thus for a symmetric orientation, greater
interactions from other slip systems are expected with an increase in work
hardening and decrease in ductility. While for an unsymmetrical orientation
deforming by single slip, a lesser amount of work hardening is expected with
higher ductility.

However, if there were no interactions between the slip systems the
concept of proper shear strain distribution would indicate the multiple slip,
symmetric orientation to have the largest tensile ductility and the single
slip orientation to have the least. This is on the assumption that fracture
will occur at an equal shear strain on the operating slip system irrespective
of the orientation of the tensile axis. Clearly the concept of strain distri-
bution and the mutual interactions between the slip systems act in opposition.
Furthermore, except for the most symmetric orientation at the corners and
boundaries of a standard stereographic triangle there are no orientations
which can be classified either as single or multiple slip. One of the objec-
tives of the model is to mathematically provide a weighing of various slip
systems based on the relative values of the resolved shear stresses, so that
all orientations can be treated in a continuous manner and the opposing
effects of strain distribution and mutual interactions on ductility can be
assessed on a more quantitative basis.

For a large deformation, rigorously it is essential to consider the
rotation of the stress axis. However, it can be shown that ignoring the
rotation , even at a total strain of 507, introduces no more than 47 error
than the tensile strain calculated using the following simple relationship

TR CTRTL O I (1)
where €54 is the tensile strain
Tik is the shear strain on the operative slip system (jk) and

aj; and a, are cosines of angles between the stress axis
J and thé slip plane (j) and slip direction (k) respectively.
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. In a more familiar term o
M3
. (aij'aik ) is the Schmid factor for the slip system. _:ﬁ
| o
: Accepting Equation (1) as approximately valid, the total tensile strain QF:
1 in an L1, compound deforming by both octahedral and cube slip systems must be Q 3
: expressea as follows: br“
[ ~)
Oct. Cube 3
)
' > >
A = ..a, R + - I .Y, a
, €ii I 355 a1klo Yiko | % a1k|c Ych (2) )
S e
e
The additional subscripts (o) and (c) in all equations refer to octahedral and 2
‘ cube slip systems, respectively. ®
1) » "
" Now in order to achieve an approximately correct strain distribution we shall N
4 ignore any compatibility constraints by assuming a freely deforming volume of ﬂvﬁ
\ material. In addition, we will assume that for each family of slip systems a .fo
characteristic linear relationship exists between the shear strain and shear N
< stress which is independent of strain rate. In making this assumption we are J&_
- allowing deformation to take place well below the CRSS for the particular slip oy
f system. If this is not done, it is difficult to account for interactions from ﬁ}ﬂ
S other than primary slip systems without invoking a complex integration process. h:;‘
y S
: Thus we assume that W
9
~ _ - - TR
N Yiko Bo Tiko Bo | alJ Lklo %ii (3) j&i
N ﬂ: /
& and s
y :. t}i (]
b =B 7., =B |a.a., .o (4) Y
' ijc c jkc c ij Tik'c ii
-
where 7 is the applied tensile stress. :E'
d
Y
Yy
- Substituting Equations (3) and (4) in Equation (2) yields: & ::
X
Oct. Cube Sk
X 2 2 2.
o €. = B E | a...a., | + B E | a,..a, | 7ii (5) e
- ii 0 ij Tik'o c ij Tik'c LR
” RN
- ™
o N
S Now we can relate the shear strain on the primary slip system and the total 9\
4 ) . . - . Gl
tensile strain again using the Equation (2) as follows. -
: &
- Oct. Cube e
SRV S TN
g - + - O -
‘: ¢ - 0 | alj alklo Bc | all alklc (6) x:
- i B|a. . a.,l]| Tp v
o ij*"ik'op ®
1
O, where the additional subscript (p) refers to the primary slip system. 7
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In order to reconcile the two parameters B and BC for the two families of QQ\
octahedral and cube slip systems, respectively, we can qualitatively reason a gﬁ;
relationship between them. It is reasonable to expect that the glide of °
lislocations on one or the other slip system will be controlled by their :,:
relative values of CRSS. A system with a higher CRSS is expected to be less tf
active at a given shear stress than a system with a lower CRSS. Thus we can P
assume that the ratio of these parameters will be inversely proportional to ~$
their CRSS values. i )
i )
That is B (CRSS)cube . Al
= = R ( ! ) ‘::J"

: e

‘ B c (CRSS)oct. ?3~

Substituting the Equation (7) into Equation (6) yields the following relation- O

ship where only the ratio of CRSS for the two slip systems is unknown but can

be easily deduced from experiments. h;*
%

( Oct. Cube h il
2 2 2 2 52
h | a,..a,. ]  + (1/R) | a,..a,,| N

e = ij""ik'o ij""ik'c v (8) e
H | a,..a.. | P OV,
ij' ik'op e
Making a critical assumption that fracture will always occur at an equivalent :::J
critical fracture shear strain on the primary octahedral slip system, irre- ?ﬁ'
spective of the shear strain distribution or the dominance of the cube or e
octahedral slip systems, a unified fracture criterion can be deduced from L

b Equation (8). The equation can be expressed in a much more simplified form as n;uf

. follows: oo
e

(

Oct.2 Cube2 ty:.

D om+ (/R) H°n A
_ fr — e Yo (9) .8
m ~.?.. :
: p I‘_.-", {
".u'.
, where consistent with the notation used in the literature, ]
m is the Schmid factor for octahedral slip systems , and :::f

A

n 1is the Schmid factor for cube slip systems.

At this point it is important to demonstrate that the derived relation
satisfies at least certain simple boundary conditions. Consider for example
the deformation behavior of an <001> symmetric orientation in the temperature
region where the role of cube slip can be ignored, that is, R is very large.
Thus the second factor in the numerator can be ignored. In addition, owing to
the symmetry, the deformation must occur on eight (8) octahedral slip systems
' with identical values for the Schmid factor. As a result the relationship

extremely simplified, is

€coo1>f 8™ Tg

In the absence of any interactions, the expression simply quantifies that for
the <001> orientation the total fracture elongation is eight times the resclved
fracture shear strain on the primary octahedral slip system.
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Having reasonably rationalized the Jdistridufion oY tota. e.ungation in :%ﬁ\$
terms of shear strains, we now proceed T account for nfer-s.:p syslem .2,:
interactions. To achieve this we assume that J:islocat:on activity or other ®
slip systems effectively reduces the criticai fracture shear strain. Unce :Qni
again to assess rthe activity of various slip systems wve use relative resciveo ,:,\
shear stresses. Similar reasoning has been used in developing nogeis tor the :‘:\l
yield strength of Ll., compounds by defining ratios of the Schmid factor for ':?:
the slip system under consideration to the Schmid factor for the primarv slip :'*~
system. Thus we can express Y_ in terms of a zero interaction critical shear
5 . ALY
strain value Y, as follows: .\;\:
'.‘_.':_.
| aiJ xklo l aij 1k|c ,?::;
1 LR 1- A +(1/R) (10) :.:-':.,-
| a...a,,]| | a...a. | reten
ij Tik'p ij " Tik'p
'0.|'l‘
Where A is introduced as a single interaction parameter for both octahedral Q? ﬁ
and cube slip systems. h; .t
l. '.
NGty
To account for the difference in the intensity of the interaction from R
the two slip systems, again the ratio of CRSS, R, is introduced. The relation- )
ship certainly satisfies the boundary condition where deformation is dominated o ]
by octahedral slip and the parameter R is very large, effectively making ycﬁg
interaction from cube slip systems insignificant. To retain symmetry, in the ' 4 \
summation of interactions from various slip systems the primary slip system is ]
also included. This alters the way the interaction parameter A is evaluated
but does not alter the modelling concept in any significant way. {P’
{
e
L)
Combining the concept of shear strain distribution and the interaction .:it
effect, the elongation as a function of orientation can be simply expressed as Qgﬂyl
follows in familiar notation. *;ﬂ%q
. ATy
Oct. Cube
onl+ (L/R) 3 on? oy
oA Y
¢ = = S (1-A M+ (/R M) Y (D RYRS
° NAY
m p n_"\"-
SN
Where M and N are Schmid factor ratios for all octahedral and cube slip abh ¢
systems to the primary octahedral slip system for the specific tensile orien-
tation.

In the course of developing the model, several simplifying assumptions were
made with the objective of introducing only a single parameter. Among these
assumptions, however, the most significant one is the concept of critical
shear strain for failure. It seems intuitively correct that for a material
which does not show extensive necking the failure must occur by a notch formed
by accumulation of dislocations at a slip step which may also be affected by
dislocations gliding on other interacting slip systems.

In order to test the validity of the model a computer was programmed to
calculate relative elongation as a function of orientation within a standard
stereographic orientation triangle for a cubic material. For this purpose the
zero interaction critical shear strain y was assumed to be unity. The inter-
action parameter A and ratio of CRSS of cibe to octahedral slip systems were
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the only input to the program. The uutpul from the program was plotted to
represent 1so-elongation contuurs within the vrientat:on triangle.

The ternary alloy Ta-195 was chosen as a reaiistic and representative
system. As shown in Figure l6(c), for this alloy three distinct temperature
regions can be identified. Ar room temperature the ratio of CRSS of cube to
octahedral slip systems, R=1.5. That implies that octahedral slip dominates
the deformation. At around 700K, where the CRSS curves for cube slip and
octahedral slip cross the ratio Rs1.0. This is the temperature range at which
both systems compete providing highest mutual interaction as well as the
largest number of slip systems for strain d:stribution. At 1000K, where the
ratio of CRSS R=0.5, cube slip dominates the Jdeformation. Using the observed
values of the parameter R and qualitatively realistic values of the interaction
parameter, the three temperature regions were modeled as presented in Figure
31. For room temperature, where R=1.5, strong inter-slip interaction was
assumed. With increasing temperature a lower value for the interaction
parameter was used, reflecting increased thermal recovery. To some extent,
the value of the interaction parameter was contrained by the manner in which
the model has been constructed, making it somewhat limited by the value of the
parameter, R. Nevertheless the choice of the model parameter is not physically

meaningless.

The results from Figure 31 are plotted at three temperatures for the four
major orientations in Figure 32. Comparison of Figure 32 with the actual
elongation plot for Ta-195 in Figure 22 shows the model to be remarkably
successful in predicting the relative elongation as a function of orientation.
At room temperature the model correctly predicts the general level and hierarchy
of the orientation. The ductility is observed to decrease in the order of
<011>, <123>, <001> and <111> and the model prediction completely agrees with

the observations ‘t "00K the ductility is observed to decrease in the order
of <001>, <O011. .1> and <123>; and once again the prediction matches the
observations. 1000K the model correctly predicts the <111> to be signifi-

cantly more ductile than the <001> orientation but the order in which the
relative elongations of <123> and <011> are predicted do not match with
observations.

It is important to recognize that the plot in Figure 32 entails the
assumption of a constant zero interaction critical shear strain for the
octahedral slip system, ¥ . If the prediction in Figure 32 were to be
matched with the observations in Figure 22, the value of ¥ should be
allowed to decrease with increasing temperature. This seem consistent with
the increasingly deleterious effect of environment with increasing temperature
(Reference 22) leading to some loss of intrinsic ductility. Further undue
interpretation of the model is not warranted at this time without additional
verification and refinement. It must be noted that we have not considered any
effect due to constriction stress or dislocation core structure. With test
data available for only four orientations, it was considered statistically
meaningless to introduce any more model parameters. It appears that further
controlled study of work hardening as a function of orientation in both
tension and compression is necessary to provide additional refinement of the
model.

Since the model invokes nothing more than the geometry of a cubic single
crystal, it can be applied to practical systems such as nickel base
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superalloys to normalize the orientation dependence of ductility and further :Q;
refinement may even allow its application to notch failure, which is critical >

to engineering applications. The qualitative success of the model suggests ’
that the assumption of failure occurring at a critical shear strain on the Qs*v
operative slip system, irrespective of the state of stress, may be correct.

4.3 Effect of Alloy Composition on Ductility
Perhaps the most difficult feature of the trends to explain in these &

i alloys is the large influence of stoichiometry on ductility levels. Why do e
ductility values fall to very low values over a compositional range of only

) three atom percent? One could simply state from the model developed in 4.1 o
: and 4.2 that the strength of inter-slip system interactions increase over oty
these compositional ranges. Work hardening values increase and this certainly Pt
supports such a postulate. The fracture modes observed, in which shear ®
failure on slip planes appears to dominate, also support a critical strain %“6
; accumulation process. Anv such hypothesis should be supported by a physical %ﬂ?
) model to explain the changes. We consider the following factors as important kﬂﬂ
. in such a model although it is clear that our understanding is far from :&W
complete. U
o
/ The dislocation structures in the alloys studied vary in a systematic way ~ :
h with composition. If we couple these observations with the tension and N&&
D Compression flow stress asymmetry the main results are summarized in the ooy
following table. el
) o
Alloy: A1240 ~A1250 Al1270 Tal95 Ta205 Ta225 s
. Dissociation Scheme: v
"y Below Tp: (D)*+(3)  (2)+(3) (2) (2) (2) (2) A
o Near Tp & Above: (2) (2) (2) (2) (2) (2) :xi'
? f\
! APB Energy e e et - Bt
, . -
" Dislocation Core Spreading+ \¢|;
ol
" + Deduced from tension-compression yield strength asymmetry R,W
¥ * Conclusive evidence not yet established. ------- = Assumed trend. \j
s <
3 where (1): CSF/APB-coupled dislocation, (2): APB-coupled dislocations and (3): 39;
KX SISF-coupled dislocations. ::i
o)
.ﬁ The effects of alloying on dislocations features are apparent from the j:}
3 summary table. At low temperatures, a systematic change in dislocation :}i
2 features can be observed in the binary alloys depending on aluminum e
content/stoichiometry. In Al 240 dislocations tentatively identified as .
CS/APB type and SISF-coupled dislocations are present. The latter type of ?ﬂ.
} dislocations were also present in Al 250 together with APB-coupled disloca- :::w
/ tions. In alloy Al 270 only APB-coupled dislocations were found independent w:¢j
b of temperatures. APB-coupled dislocations are the most common type of dislo- ;n*-
‘ cations as they are in all the binary alloys at high temperatures and all the e
tantalum-modified ternary alloys at all temperatures. Some of the important Y
[ differences between these dislocations appear to be the spacing between the '\:7
5 superlattice partials and/or the planarity of the dislocation core which was $;*
» A
B 2ol
i 25 2.
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deduced from the magnitude of the tension-compression (T-C) yield strength \i\)
asymmetry (Section 3.2.2). The absence of significant T-C asymmetry in the Ejy,
binary alloys suggest that the dislocation configuratins are planar in the ®
binary alloys. However, there may be significant differences in the spacing o
of the superlattice dislocations. Unfortunately, we have not measured the »
spacings of the low temperature dislocations in the binary alloys. However, w ﬁ
the presence of wide stacking fault ribbons at low temperatures in Al 240 and et
Al 250 suggests that the spacing of the SISF-coupled dislocation must be quite Skﬂ{
large compared with the spacing of the APB-coupled dislocations in Al 270. i
The larger spacing of the APB-coupled dislocations in Al 240 compared with Al cﬁ:\'

270 was confirmed by measurements (see Figure 26).

There are possibly two important differences among the APB-coupled
dislocations in the tantalum modified alloys. Both of these differences come
from indirect evidence. First, the fact that the APB-coupled dislocations in

Ta 195 could not be resolved implies either that the spacings are considerably qug
smaller than that observed in Al 270 which is about 3.5 nm or that the concept awr
of planar dislocation configuration is no longer valid. If the first possi- q&hSﬁ
bility is correct and if one assumes that the increase in aluminum content QN
also increases the APB energy in the ternary alloys, as observed in the binary *,h,'
alloys, then the spacings of the APB-coupled dislocations in Ta 225 are even .0

smaller yet. On the other hand, if one takes the view that the dislocations
in the ternary alloys have nonplanar core structures as suggested by the T-C
asymmetry observed in these alloys, the dislocations may not be characterized

meaningful in terms of spacings, if indeed it could be measured at all. \Qb{
Assuming the magnitude of the T-C asymmetry is a measure of the extent of N ﬁ'
dislocation core spreading, our results indicate more core spreading in Ta 225 ®

than in Ta 195.

Returning now to the strength of inter-slip system interaction which, as
proposed earlier, may be related to the nature of dislocations in the alloy.
To make this association one should compare the work hardening behavior of
materials with different types of dislocations in a situation in which the
deformation and inter-slip interaction in these materials involve the same set

of slip systems. An approximation to this situation is the deformation of ::"ﬂ
<001> orientation at room temperature for the binary alloys and Ta 195 in fitt
which only the octahedral slip systems are involved as the CRSS ratios for RN \
cube to octahedral slip are large in all these cases. From the work hardening N
data in Figures 20 and 21 the intensities the octahedral inter-slip interaction

at room temperature are found to be proportiocal to 520, 700 and 1120 for Al A

240, Al 250 and Ta 195, respectively. These differences can be correlated
with the different types of dislocations found in these alloys: CSF/APB-
coupled and SISF coupled dislocations in Al 240, SISF-coupled and APB-coupled
dislocations in Al 250 and APB-coupled dislocations in Ta 195. As discussed
in Section 4.2 ductility decreases with increasing intensity of inter-slip

ot

SISV
¢ LY
o X%

A By

N
~o

y 3

interactions. Thus the basic differences in the types of dislocation present v p
in Al 240 and Ta 195 may account for the ductility differences in the <001> tﬂqﬁ;3
orientation between these two alloys. Unfortunately, the intensities of x;qﬁh'
octahedral-cube and cube-cube inter-slip interactions cannot be deduced from t#“("
data available due to premature failure in some of the specimens. However, it LRAR(N
is interesting to note the large drop in work hardening and the accompanying ®

increase in ductility in Ta 195 associated with the onset of cube slip (Figures - 4

21 and 22). This observation would indicate lower intensity for cube-cube
inter-slip interaction than the other two types of interaction. For further
studies of strength of inter-slip interactions it is suggested that compression
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testing be used to alleviate brittleness problems in alloys which show strong
inter-slip interactions.
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5.0 CONCLUSIONS :‘;5"
NN
Based on studies of ductility, strength characteristics and dislocation ‘
features in binary and tantalum-modified ternary Ni3A1 alloy single crystals Q)
the following conclusions can be made. :gg
) f
‘ 1. The intrinsic ductility of Ni_.Al alloys is strongly influenced by the .t
alloy stoichiometry. Aluminum-rich (hyperstoichiometric) alloys are L
intrinsically brittle. = 8
i
]
2. Based on (1) it is futile to seek improvement in ductility of hyper- ’ ',E:'
stoichiometric alloys by grain boundary strengthening using micro-alloying )rdb
techniques. Kool
SR
3. There is an apparent correlation between the dislocation configurational "y
structure and the intrinsic ductility of an alloy. Dislocations which 'hmn
have more nonplanar core structure (deduced from tension-compression ,ﬁw:
yield strength asymmetry) or closer spacing between the partials as in $q$m
the case of the hyperstoichiometric alloys tend to result in lower qaﬁ:
ductility. LABX
.9
4, Based on (3) an alloying direction for improving ductility alloys is to .¢$5
. . . . . " "'
lower the stacking fault energy in Ni,Al which promotes formation of '%94
L stacking fault-coupled dislocations with larger spacings. ¢}¢¥
| .""l:
5.  Another important factor which controls ductility in Ni Al alloys is the e
ratio of the critical resolved shear stresses CRSS for ?111}<110> octahedral ‘ ®
] and {001}<110> cube slip. Ductility in Ni,Al alloys tend to be lower at Q} b
1 temperatures when CRSS for octahedral and Cube slip are about equal. 3.5
) N
6. Substituting tantalum for aluminum or increasing aluminum content in . ¢S
Ni,Al tends to raise the CRSS for octahedral slip without significantly -"

changing the CRSS for cube slip, thus shifting the temperature of equi-

CRSS for cube and octahedral slip to lower temperatures which results in Qﬁ“#
a ductility minimum at lower temperatures. ::"l%‘:
OIX
e
7. Based on (6) an alloying direction of improving the ductility of the "%}
tantalum-modified Ni_ Al alloy at ambient temperatures is to raise the K
CRSS for cube slip. - _
o
o
8. The rather complex temperature, orientation and compositional dependence ;xik
of ductility in both the binary and ternary alloys can be related to the fbﬁy
probability of inter-slip interactions. This can be assessed by weighing :Q??:
all the octahedral and cube slip systems with the magnitudes of the i
applied resolved shear stresses and the CRSS for the respective slip oy
system, and strength of the interaction which is considered to be governed hﬁ},
the dislocation configurational structure. S:if
N
r w
9. Based on (8), a semi-quantitative model has been developed which accounts 5?? )
for the temperature and orientation dependence of a tantalum-modified N
Ni,Al reasonably well. A
3 NS
( t
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N
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10.

The current study appears to be the first to conduct systematic studies

of tensile ductility in single crystals using four major orientations and
over a wide temperature range and attempt to relate the intrinsic ductility
cf an intermetallic compound to observed plastic flow and dislocation
features. As a result of this study significant understanding of ductility
behavior in Ni,Al alloys has been achieved and some alloying directions

for ductility improvements emerge. However to isolate the contribution

of dislocation core structure to work hardening and therefore ductility,
further study of anisotropy of work hardening in both tension and com-
pression is suggested.
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Nominal Compositions of Alloys Selected for Study
(Atomic Percent)

Alloy

A1-240
A1-250
A1-270

Ta-195
Ta-205
Ta-225

Sn-204
Sn-214
Sn-234

*Note:

I ARG T

\ W A

Table 1

Ni
Bal.
Bal.
Bal.

Bal.
Bal.
Bal.

Bal.
Bal.
Bal.

Table 2

A
[4
'4
e
L)
[

~N ~nN
o (8]
o m o O w;

~nN
—
noOw;m

Analyzed Alloy Compositions

(Atomic Percent)

Ni

76.
75.
73.

~ —

76.
74.
73.

W~

75.
75.
*

[e«iNe]

Single crystals of this alloy could not be prepared;
therefore, this alloy was not studied.
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Table 3

Compositions of the Phases in A1-250 and A1-270
(Atomic Percent)

Ni
A1-250 (Bulk, Nominal) 75
Ni3A1 75.2
NiAl 64.4
A1-270 (Bulk, Nominal) 73.5
N13A1 74.7
NiAl 2.6
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Al

25
24.8
35.6

26.5
25.3
37.4
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Table 5

& Composition of the Phases in Ta-225 Single Crystal
. (Atomic Percent)

ol e Y Sl L e

Phase Ni Al Ta

73.3 21.1 5.6
N B2 60.1 39.9 -

X% NS

-
Py

s -
‘. Nty

-
-
2o

LA ]

P
-
X4
A A

Yy Table 6

i y 0
Y ] -5‘1'."!\"-’ oy o

” Fracture Facets in Binary Ni3Al Alloys

Al1-240 Al-270

CRSA N
'- ‘u o .
A

»

Stress Axis 294K 1033K 294K 1033K

[001] (111) (C11) (001) *

[011] (001),(010), 110 (110),(119),(010) * (101)
[111] (171),(117),(111) (171), (7)), (1) (M) (1)
[123] o, ARk (117),(001)

. . .
o € e 8_ 8 &
Y " "> ety

. ¢ _r .

'.' XA
Shos

- LAy
~

LY
2 A0
ALY

U,
[
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Table 7

‘ Tensile Data for A1-240

(a) <001> Oriented Specimens
A1-240 Ingot 5353-05 HT No.60-3-86
Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str U. T. S.
Deg. F K Ident. Deg. from percent  ksi MPa ksi MPa
<100> <010> <001>
<001> 90 90 0
70.0  294.1 BA 88.0 87.3 3.4 32.0 14.5 99.7 126.97 875.5
800.0 699.7 B8 90.0 90.0 0.0 28.4 52.2 360.2 131.79 908.7
1,400.0 1,033.0 BC 90.0 90.0 0.0 8.0 125.9 868.3 127.93 882.1
1,600.0 1,144.1 8D 90.0 90.0 0.0 13.8 82.1 566.0 86.43 595.9
Schmid Factors Resolved Shear Strength
Octahedral Cube = = ccecccmcecccceccacecacaa-
Stip Slip Octahedral Slip Cube Slip
<001> 0.4084 0.0004
Ksi MPa Ksi MPa
70 294.1 BA 0.4263 0.0583 6.17 42.52 0.84 5.81 DEAA
800 699.7 88 0.4084 0.0004 21.33 147.08 0.02 0.15 A
1,400 1,033.0 BC 0.4084 0.0004 €1.43 354.60 0.05 0.36 ‘el
1,600 1,144.1 BD 0.4084 0.0004 33.52 231.14 0.03 0.24 :f_,,:,
N
RYEOAY
[ v L
(b) <011> Oriented Specimens . -;’v
» %
RO,
- \ .I
A1-240 Ingot 5353-05 HT No.60-3-86 SN
N P
Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S. PN
Deg. F K [dent. Deg. from percent  «si MP3 ksi MPa “
<100> <010> <001~
<011> 90 45 45
70.0 294.1 AA 87.2 45.7 144 69.3 12.9 88.8 B86.94 599.4
800.0 699.7 A8 90.0 45.0 45.0 51.3 39.5 272.6 96.06 662.4
1,400.0 1,033.0 AC 90.0 45.0 45.0 8.6 84.1 S80.0 88.5% 610.5
1,600.0 1,144.1 AD 90.0 45.0 45.0 16.6 68.2 a70.0  73.08 503.6
Schmid Factors Resolved Shear Strength :'\-t
Octanedral (ub€ 0 eee e mmcmmmcemcaoas ._'.;\.:..
Stip Slip Octahedral Slip lube S1°p Seeng
<d11> 0.4085 0.3538 N Dy
Ksi wP3 Ksi P 3 .\..:..'_t
70 294.1 AA 0.4253 0.3778 5.48  37.76 4.87  33.5¢ AN
800 699.7 AB 0.4085 0.3538 16,15 11:.33 13.39 96,44
1.400 1,033.0 A( n.4085 0.3538 34.36 236.90 29.76  205.2! el
1.600 1,144.1 AD 0.4085 0.3538 27.84 191.99 24.:2 166.3° SR
"\'.'-’
R
g
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e
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Table 7 (continued)

Tensile Data for A1-240

(c) <111> Oriented Specimens

A1-240 [ngot 5353-05 HT No.60-3-86

Temperature Spec.
Deg. F K Ident.
<111>
70.C 294.1 BA
800.0 699.7 BB
1,400.0 1,033.0 BC
1,600.0 1,144.1 80
<]111>
70 294.1 BA
800 699.7 BB
1,400 1,033.0 8C
1,600 1,144.1 8D

Schmid Factors
Octahedral Cube
Slip Slip

0.2722 0.4715

0.2969 0.4772
0.2969 0.4772
0.2969 0.4772
0.2969 0.4772

(d) <123> Oriented Specimens

A1-240 ingot 5353-05 HT No.60-3-86

Temperature Spec.
Deg. F K Ident.
<123>
70.0 294.1 BA
800.0 699.7 88
1,400.0 1,033.0 BC
1,600.0 1,144.1 8D
<123>
70 294.1 BA
800 699.7 88
1,400 1,033.0 B8C
1.600 1,144.1 8D
A OV AT N -{\,' .'-."-.'f

Axial Qrientation
Deqg. from
<100> <010>

74,5 57.69

74.6 59.4
74.6 99.4
74.6 59.4
74.6 59.4

Schmid Factors
Octahedral Cube
Slip Slip

0.4667 0.4548

0.4707
0.4707
0.4707
0.4707

0.4489
0.4489
0.4489
0.4489

AR

Axial Orientation
Deg. from
<100>  <Q10> <001>

54.74 54.74 54,74
56.9 53.8 53.6
56.9 53.8 53.6
56.9 53.8 53.6
56.9 53.8 53.6

<Q01>

36.7

35.1)
35.9
3¢9
35.90

A PR S N T T Vet S A P el
N AN A AT AT AR SR

Elong. 0.2 % Yield Str. U. T. S.
percent ksi MPa ks MPa
24.5 16.4 113.2 136.80 943.3
17.1 56.4 388.7 187.91 1,295.6
13.1 67.9 468.2 74.33 512.5
15.2 48.1 332.0 65.51 451.7
Resolved Shear Strength
Octahedral Slip  Cube Slip
Ksi MPa Ksi MPa
4.87 33.61 7.8 54.02
16.74 115.40 26.90 185.49
20.16 139.01 32.40 223.43
14,30 98.57 22.98 158.43
Elong. 0.2 ¢ vield Str. . T. S.
percent ks MPa ks MP 3
S1.7 11.9 75.6 75.16  518.3
33.6 36.9 254.5 89.06 614.]
18.3 9.4 547.5 81.02  5%8.7
11.0 57.1 393.8 S$7.11  1393.8
Resolved Shear Strength
Octanedral S1'p  Cabe S1ip
Ksi upP3 K5t Py
5.16  15.98 492 331.93
17.37 119.79 16.57 1:4.2¢
37.38 257.10 35.65 245.79
26.88 185.35 25.64 176,78
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Table 8

AN
x

v
L)

Tensile Data for A}-250

; "

) [
" (a) <001> Oriented Specimens -:::
y %
) A1-250 Ingot 5210 HT No.60-2-86 ‘5.}
ol

Temoerature Spec. Axial Jrientation Elong. 0.2 % Yield Str U. T. S. _
Oeg. F K [dent, Deg. from percent  ksi vPa ksi MPa 3 N
<100>  <010>  <001> oy

D)

A <001> 90 90 0 p

b ey

h, 70.0 294.1 AD 86.7 85.8 5.4 47.9 20.2 139.3 117.85% 812.5 Q;",

? 800.0 699.7 AC 86.7 85.8 5.4 24.9 77.4 534.0 154.04 1,062.1 Y
1,400.0 1,033.0 A8 86.7 85.8 5.4 2.6 57.4 395.5 §7.3% 395.5 ®
1,600.0 1,144.1 AA 86.7 85.8 5.4 6.8 £5.2 380.4 59.84 412.6 R

K Schmid Factors Resolved Shear Strength
! Octanedral Cube = = cececcceeciceccceccma—aa- :I‘..‘

) Slio Slip Octahedral Slip Cube Slip .‘0‘.
N : <001> 0.4084 0.0004 ]
- Ksi MPa Ksi MPa ™

70 294.1 AD 0.4364 0.0924 8.82 60.78 1.87 12.87 g
; 800 699.7 AC 0.4364 0.0924 33.79 233.00 7.16 49,34 b
X 1,400 1,033.0 A8 0.4364 0.0924 25.33 172.56 5.30 36.54 :‘
' 1,600 1,144.1 0.4364 9.0924 24.08 166.00 5.10 35.15 Yoty

(b) " <011> Oriented Specimens

A1-250 Ingot 5210 HT No.60-2-86

Temperature Soec. Axial QOrientation Elong. 0.2 ¥ field Str. U. T. S.
Oeg. F X [dent. Deg. from percent  ksi MPa ksi MPa Ris
<100> <010> <001> At
<Q11> 90 a5 45

A 88.7  47.8 . . 106.2 ¥
<C 75.1  50.0  43.8 0.6 54.0  372.5 52.31 360.7 .

38 76.7 52.8 40.3 3.8 57.7 398.0 62.81 433.1

' 70.0 294,
™ 800.0  699.
1.400.0 1,033.
1.600.0 1,144,

—) ~a

55"'

@
Y. Schmid Factors Resolved Shear Strength ;:-'-.
o Octahedral  Cube = cmeemcmeecmemaeoaooloao- Al
S Slip Siip Octahedral Slip Cube Slip Ay
2 <011>  0.4085 0.3538 oy
. <3 vP3 Ksi MP3a CN
o 70 294.1 AA 0.4335 0.3640 6.58 46.05 5.61 38.68 s
N 800 699.7 C 0.4644 1.4752 25.39 173.00 25.67 176.99 iy
4 1,400 1,033.0 ®
5 1,600 1,144.1 8B 0.4794 D.4625 27.67 190.78 26.70 184.08 :"\,'*

ay
‘ K

.\ \-
3 )
77 '..-\

39

X X

‘s % -*'- .f'*-
V- R X YN
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Table 8 (continued)

Tensile Data for A1-250

<111> Oriented Specimens

A1-250 Ingot 5210 HT No.60-2-86

X AN A WA TSR TS TS Wa ‘o a'h 1 Voa’

Temperature Spec. Axial QOrientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K Ident. Oeg. from percent  ksi MPa ks MPa
<100> <Q10>  <Q01»
<111> 54.74 54.74 54.74
70.0 294.1 Bt 55.1 54.6 54.5 12.6 182.4 163,20 203.1
800.0 699.7 AB 54.8 54.8 54.6 13.4 89.7 618.5 170.79 1,177.6
1,400.0 1,033.0 AD 54.8 54.8 54.6 0.0 32.8 226.2 79.43 547.6
1,600.0 1,144.1 AA 54.8 54.8 54.6 53.4 54.5 376.0 56.30 388.2

Schmid Factors
Octahedral Cube

Resolved Shear Strength

Slip Slip Octahedral Slip Cube Slip
<111> 0.2722 0.4715
Ksi MPa Ksi MPa
70 294.1 BE 0.3737 0.5766 11.01 75.92 16.99 117.14
800 699.7 AB 0.3718 0.5778 33.35 229.96 51.83 357.37
1,400 1,033.0 AD 0.3718 0.5778 12.20 84.10 18.96 130.70
1,600 1,144.1 AA 0.3718 0.5778 20.28 139.81 31.51 217.27
<123> Oriented Specimens
A1-250 Ingot 5210 HT No.60-2-86
Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K [dent. Deg. from percent  ksi MPa ksi

<100> <010> <001>

MPa

<123> 74.5 57.69 36.7

70.0 294,
800.0 699.
1,400.0 1,033.
1,600.0 1,144,

Lk =

Schmid Factors
Octahedral  Cube

Resolved Shear Strength

Slip Stip Octahedral Slip Cube Slip
<123> 0.4667 0.4548
Ksi MPa Ksi MPa
70 294.1
800 699.7
1,400 1,033.0
1,600 1,144.1
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Table 9
Tensile Data for A1-270
<001> Oriented Specimens

A1-270 Ingot 5353-04 HT No.60-1-36

Temperature Soec. Axial Jrientation Elong. 0.2 ¥ Yield Str U. T. S.
Deg. F K [dent. Deg. “rom percent  ksi MPa ksi MPa iy
<100>  <010>  <001> oS
.:-_,_\-'
<001> 90 90 0 N
70.0 294.1 8C 86.8  81.9 8.8 3.8 25.4 175.3 33.90  233.7 ;'-Z\'n.
800.0 699.7 18 89.9 85.8 3.6 1.9 69.6 479.7 70.43 185.6 .';"&
1,400.0 1,033.0 AA 89.9 85.8 3.6 5.5 44.2 305.1 76.11 524.8 - Py
1,600.0 1,134.1 3D 86.8 81.9 8.8 -
A
l'~i:..t
Schmid Factors Resolved Shear Strength ﬁt.l‘o,l
Octahedral Cube = = cmcemmecemmmmeacocaoao- i)
Slip Slip Octahedral Slip Cube Stip "}
<q01>  0.4084 0.0004 Wl
Ksi MPa Ksi MPa A
70 294.1 B8C 0.4576 0.1375 11.63 80.21 3.50 24.10 ‘,‘,g,‘
800 699.7 AB 0.4370 0.0542 30.40 209.63 3.77  25.99 {‘»‘.;Jj{
1,400 1,033.0 AA 0.4370 0.0542 19.34 133.34 2.40 16.53 -'“' ;-:y
1,600 1,144.1 8D 0.4576 0.1375 .{‘r.\ {
") ‘
}.’ NY
!“".l’)l
<011> Oriented Specimens o
20
.
A1-270 Ingot 5353-04 HT No.60-1-36 4 ':o::,
y
Temperature Spec. Axial Orientation Elong. 9.2 % Yield Str. U. T. S. l':ﬁ
Deg. F K Ident. Deg. From percent ki "Pa ks i MPa ".‘t
<100>  <010> <001> o' 3,
<011> 90 45 45 ' 1;
70.0 294.1 AD 87.0 46.1 44.0 i6.6 22.3 153.5 80.89 557.8 ) .‘f
800.0 699.7 AC 87.0 46.1 44.90 8.1 38.5 610.2 114.68 790.7 ‘.‘.:.
1,400.0 1,033.0 A8 87.0 46.1 44.0 1.3 44.9 309.5 44.89  309.5 ..-
1,600.0 1,144.1 AA 87.0 46.1 44.0 4.1 42.4 292.5 47.96  330.7 "(‘\ iy
. L
Schmid Factors Resolved Shear Strength 2L
Octahedral  fube  aoeoimeemeaoo ey
Stip Siio Octanedral Stip Cube Siip PR
<011> 0.4085 .3538 AN
Ksi MPa Ksi MP3 e
70 294.1 AQ 0.4288 1.3796 9.54 55,30 8.45 38.25% G
800 699.7 AC 0.4288 1.3796 37.95 261.54 33.59 231.60 Y
1,400 1,033.0 A8 0.4288 1.3796 19.25 132.73 17.04  117.49
1,600 1,144.1 AA 0.4288 13.3796 18.20 125.18 6.11 111,07 E}’ -
R
-
~
<
3
"
@
N )
'V“-\.
t}&s
(]
R
a1 N
RN
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Table 9 (continued) 5
N t
Tensile Data for A1-270 h

e
:.'l‘c
(c) <111> Oriented Specimens ":" !
A
Woie'
A1-270 Ingot 5353-04 HT No.60-1-86 by
O
Temperature Spec. Axial Orientation Elong. 0.2 % Y:eld Str. 4. T. S. Nl
Deg. F K Ident. Deg. from percent  ksi MPa ksi MPa b
<100>  <010>  <001> e
s,
<111>  S4.74 S4.74  54.74 .’&"}?
70.0  294.1 AC 61.2 54,3 49.2 10.7 37.5 258.9 47.38 326.7 :3‘.:;
800.0 699.7 9F 52.5  53.4 58,4 0.5 79.90  550.9 W,
1,400.0 1,033.0 AA 61.2 54.3 49.2 3.1 33.6 231.9 38.18 263.3 i
1,600.0 1,144.1 AD 61.2 54.3 19.2 60.0 21.6 148.6 22.41 154.5 e
e

2V ¢
Schmid Factors Resolved Shear Strength ;t:»:!'e
Octahedral Cube = —emecccemmceooceeeooaeos ",'.",'
STip STip Octahedral S1ip  Cube Slip N
<111>  0.2722 0.471% ;?“:0‘.:

Ksi MPa Ksi MPa S

70 294.1 AC 0.3505 0.4928 13.16  90.72  18.50 127.56 o
800 699.7 BF 0.2367 0.4467 e :‘:
1,400 1,033.0 AA 0.3505 0.4928 11.79 81.28  16.58 114.29 ey
1,600 1,144.1 AD 0.3505 0.4928 7.55 52.08  10.62 73.23 ,:::,-.
IH‘:::
‘ :.l:
3NN
(d) <123> Oriented Specimens : K.‘
" MO
J..I 'Q
A1-270 Ingot 5353-04 HT No.60-1-86 Py
Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S. ;*:,;- v
Deg. F K Ident. Deg. from percent  ksi MPa ksi MPa SO
<163> <010> <001~ A N8
<123> 74.5 57.69  36.7 :,.'
70.0 294.1 AC 74.8  59.0  35.3  43.3 17.0  117.1 82.34 567.7 "‘u".;
800.0 699.7 A8 74.6  59.4  35.3 3.8 56.4  389.0 56.42 389.0 > h:o,
1,400.0 1.033.0 AA 74.6  59.4  35.3 6.1 76.6  528.2 38.10 262.7 S
1,600.0 1,144.1 AD 74.6  59.4 35,3  20.1 35,2 242.6 60.26 415.5 had
[ J
Schmid Factors Resolved Shear Strength “* RN
Octahedral Cube —mcsccmcmeemcememaoaeaoo Nty

Slip Slip Octahedral S1ip Cube S1ip LY

<123>  0.4667 0.4548 Rt
Ksi MPa Ksi MP3 N
70 294.1 AC 0.4706 0.4486 7.99  55.08 7.62  52.51 RN

800 699.7 AB 0.4681 0.4473 26.41 182.12  25.24 174.Q2 Lk
1,400 1,033.0 AA 0.4681 0.4473 35.86 247.26  34.27 236.07 [

1,600 1.144.1 AD 0.4681 0.447: 16.47 113.58  15.74 108.53 K

42

I AN TR XY, ' 5% S A% 0% 3% TN %) A A ) > 2 4% ] W, >
‘.‘i‘...l ,'l‘ L 2 s L RN RO X M N A X ' '* B " N WX A ‘. N A A
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(a)

Table 10

Tensile Data for Ta-195

<001> Oriented Specimens

Axjal Orientation
from

Deg.
<100>

90
90.0
89.5
89.5

90.0
89.5

Schmid Factors

Octahedral Cube
ip Slip
0.4084 0.0004
0.4610 0.1091
0.4612 0.1135
0.4612 0.1135
0.4610 g.iogl

0.4612

Axial Orientation

<010>
90
81.1
81.2
81.2

81.1
81.2

.1135

@O oo

Temperature Spec.
Deg. F K Ident.
<001~
70.0 294.1 BA
70.0 294.1 CE
800.0 699.7 CG
800.0 699.7 .
1400.0 1,033.0 8D
1400.0 1,033.0 'CF
1600.0 1,144.1 .
1600.0 1,144.1
<001>
70.0 294.1 BA
70.0 294.1 Ct
800.0 699.7 (G
800.0 699.7 .
1400.0 1033.0 8D
1400.0 1033.0 CF
1600.0 1144.1 .
1600.0 1144.1
{(b) <011> Oriented Specimens
Temperature Spec.
Deg. F X Ident,
<011>
70.0 294.1 BE
70.0 294.1 AB
800.0 699.7 BF
800.0 699.7 AA
1400.0 1,033.0 B8G
1400.0 1,033.0 AC
1600.0 1,144.1 BH
1600.0 1,144.1 AD
<011>
70.0 294.1 BE
70.0 294.1 AB
800.0 699.7 BF
800.0 699.7 AA
1400.0 1033.0 B86G
1400.0 1033.0 AC
1600.0 1144.1 BH
1600.0 1144.1 AD

ey T R P o e M T M T T P W 8 Lt T T T R T TR LR USRI
":‘l':!l'u',l.:'.l‘:!":‘."l.h V) Vf 5 *" ""\‘ "" RPN g "" WA "‘ A '-" pvod N . .. il \'"" . N “ ~ 0‘ ‘ -.

Deg. from
<100> <010>
90 45
84.5 47.9
86.3 45,7
84.5 47.9
86.3 45.7
84.5 47.9
86.3 45,7
84.5 47.9
86.3 45.7
Schmid Factors
Octahedral Cube
Stip S1ip
0.4085 0.3538
0.4452 0.3989
0.4272 0.3848
0.4452 0.3989
0.4272 0.3848
0.4452 0.3989
0.4272 0.3848
0.4452 0.3989
0.4272 0.3848

e
N &N
[o) ¥ e Yo Ne Yo N Te e,

44.
42.
a4,
42.
44.

4

P . .
VWY VYVwOw O

<001>

<001>

£
w

3

WO S OUOIC A OV R A ALY

Elong. 0.2 % Yield Str U. T. S.
percent  ksi MPa ksi MPa
12.0 57.9 399.2 104.5 720.5
21.3 62.1 428.2 101.1 697.1
25.4 108.0 744.7 122.1 841.9
10.6 117.5 8i0.2 146.3 1008.7
13.0 133.2 918.4 152.7 10%2.9
Resolved Shear Strength
C:tahedral S1ip  Cube Stip
Ksi MPa Ksi MPa
26.69 184.04 6.32 43.54
28.64 197.47 7.05 48.60
49,81 343.43 12.26 84.51
54.17 373.48 12.82 88.37
61.43 423.56 15.12 104.23
Elong. 0.2 ¥ Yield St U. T. S,
percent  ksi MPa ksi MPa
28.2 57.5 396.5 97.9 675.0
22.0 42.5 293.0 95.6 659.2
21.1 101.8 701.9 115.7 797.8
24.6 98.1 676.4 119.1 821.2
30.0 98.4 678.5 123.6 852.2
23.5 87.5 603.3 120.5 830.8
20.1 . . 100.4 692.3
13.7 57.6 397.2 96.9 668.1

Resolved Shear Strength

Octahedral Slip

MPa
176.51
125.18
312.49
288.95
302.06
257.73

169.66

Cube Slip

Ksi

22.94
16.35
40.61
37.75
39.25
33.67

22.16

MPa
158.15
112.75
279.99
260.25
270.64
232.13

152.81

o0y ooy o

R T

’ 7

CALO NN

L LAY Y,

Bt or)

l"'_

Eﬂ?
of Kol

P EEE
A
Ay 'l:l‘ "\{

¥ _»
LA
Ty

g

]
e




€y gttt tae

-

N \
Rt
)
L J
‘s';-'.
O
N,
Table 10 (continued) oy
LQCY,
et
Tensile Data for Ta-195 Ln.
o
(c) <111> Oriented Speci e
c riente pecimens '...n ,c’
Wer
Temperature Spec. Axial Orientation Elong. 0.2 % Yield St U. T. S. s:f
Deg. F K [dent. Deg. from percent  ksi MPa ksi MPa ot
<100> <010> <001>
<111> 54.74 54.74 54,74 .
70.0 294.1 BE 61.1 52.6 50.9 3.7 91.9 633.7 173.3 1194.9 :
70.0 294.1 AA 57.0 55.5 51.8 3.4 62.7 432.3 123.2 849.5 :
800.0 699.7 BH 61.1 52.6 50.9 14.3 130.9 902.6 177.9 1226.6 RO,
800.0 699.7 AD 57.0 55.5 51.8 22.8 121.8 839.8 163.0 1123.9 ol
1400.0 1,033.0 BG 61.1 52.6 50.9 45.5 79.8 550.2 109.7 756.4 ®
1400.0 1,033.0 AC 57.0 55.5 51.8 60.7 74.1 510.9 105.3 726.0 RS A
1600.0 1,144.1 BF 61.1 52.6 50.9 40.1 66.9 461.3 85.0 586.1 .::».‘:l‘
1600.0 1,144.1 . . . . . . . . . ‘.;;:‘::
Wity
I|Q'l'u
Schmid Factors Resolved Shear Strength ::
Octahedral Cube = cemcmmcemmoeioo- SR
Slip Slip Octahedral Slip Cube Slip
<111>  0.2722 0.4715 g
Ksi MPa Ksi MPa ey
70.0 294.1 BE 0.3432 0.4863 31.54 217.46 44.69 308.16 *.‘\"\)
70.0 294.1 AA 0.3036 0.4857 19.04 131.26 30.45 209.97 'rS',»;,r
800.0 699.7 BH 0.3432 0.4863 44.92 309.74 63.66 438.93 Seied
800.0 699.7 AD 0.3036 0.4857 36.98 254,99 59.16 407.89 ,-‘.*'f}?
1400.0 1033.0 8G 0.3432 0.4863 27.39 188.83 38.81 267.59 e
1400.0 1033.0 AC 0.3036 0.4857 22.50 155.13 35.99 248.1S 'y
1600.0 1144.1 8F 0.3432 0.4863 22.96 158.30 32.54 224.33 Y
1600.0 1144.1 . . . . . . . Dl
. s %a»t‘ ‘
(d) <123> Oriented Specimens AR
!.' ety
Temperature Spec. Axial Orientation Elong. 0.2 % Yield St U. T. S. WY
Deg. F K [dent. Deg. from percent  k¢i MPa ksi MPa i
<100> <010>  <001> L .
<123> 74.5 57.69  36.7 2&{
I’ Ly ¥
70.0 294.1 AB 75.6 52.6 41.1 15.1 56.1 386.8 102.2 704.7
70.0 294.1 BE 76.1 55.1 38.4 20.3 59.5 410.3 109.1 752.2 X
800.0 699.7 AC 75.6 52.6 41.1 15.6 100.0 689.5 123.0 848.1 o
800.0 699.7 BF 76.1 55.1 38.4 15.5 111.9 771.6 136.8 943.2 o
1400.0 1,033.0 AD 75.6 52.6 41.1 39.0 80.0 551.6 92.7 639.2 ’T;‘.'_i
1400.0 1,033.0 B8G 76.1 55.1 38.4 46.7 87.5 603.3 94.6 652.3 '."-,,,'
1600.0 1,144.1 AA 75.6 52.6 41.1 23.3 61.8 426.1 77.8 536.4 ',-.‘:-.:;.
1600.0 1,144.1 BH 76.1 56.1 38.4 45 3 68.5 472.3 74.7 515.1 R Y
RIS
--\.- "
Schmid Factors Resolved Shear Strength SN
Octahedral  Cube = —c-coccc—mmoiiceoo . 3
Slip Slip Octahedral Slip Cube Slip RS
<123>  0.4667 0.4548 ity
Ksi_~ MPa  Ksi  MPa o
70.0 294.1 AB 0.4554 0.4569 25.55 176.15 25.63 176.74 wo B
70.0 294.1 Bt 0.4666 0.4507 27.76 191.43 26.82 184.90 ,"-,'hg X
800.0 699.7 AC 0.4554 0.4569 45,54 313.99 45.69 315.04 Y
800.0 699.7 BF 0.4666 0.4507 52.22 360.03 50.43 347.74 e
1400.0 1033.0 AD 0.4554 0.4569 36.43 251.19 36.55 252.04 o
1400.0 1033.0 BG 0.4666 0.4507 40.83 281.52 39.44 271.91
1600.0 1144.1 AA 0.4554 0.4569 28.14 194,04 28.24 194.70
1600.0 1144.1 BH D.4666 0.4507 31.96 220.39 30.87 212.87
44 .
N
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(a)

(b)

Temperature Spec.
Deg. F K Ident.
<001>
70.0 294.1 AA
800.0 699.7 AC
1,400.0 1,033.0 AD

1,600.0 1,144.1 BE

<001>
70 294.1 AA
800 699.7 AC
1,400 1,033.0 AD

1,600 1,144.1 BE

Temperature Spec.
Deg. f K [dent.
<011>
70.0 294.1 (A
800.0 699.7 CB
1,400.0 1,033.0 CC
1,600.0 1,144.1 CD
<011>
70 294.1 CA
800 699.7 (B

1,400 1,033.0 CC
1,600 1,144.1 CD
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Table 11

Tensile Data for Ta-205

<001> Oriented Specimens

Ta-205-1 Ingot 5200 HT No. 104-1-86

Axial Orientation
Deg. from

<100>
90

89.5
89.5
89.5
88.1

<010>
90

88.6
88.6
88.6
86.5

Schmid Factors

Octahedral

Slip
0.4084

0.4182
0.4182
0.4182
0.4317

<011> Oriented Specimens

Cube
Slip
0.0004

0.0239
0.0239
0.0239
0.0669

Ta-205-1 Ingot 5200 HT No. 104-1-86

Axjal Orientation
Deg. from

<100>
90

90.0
90.0
90.0
90.0

<010>
45

45.6
45.6
45.6
45.6

Schmid Factors

Octahedrai

Stip
0.4085

0.4127
0.4127
0.4127
0.4127

Cube
Slip
0.3538

0.3537
0.3537
0.3537
0.3537

<001>

LD+ s s
e e
O o o

<001>

45

45

WONUNU WU R WL W TV WU WL TR WG W g gt aiat he’ 6a" iyt 0a gl
Elong. 0.2 % Yield Str U. T. S.
percent  ksi MPa ksi MPa

0.0 122.5 844.8 150.41 1,037.1
0.0 178.9 1,233.3 182.93 1,261.3
9.5 193.0 1,330.6 197.09 1,359.0
22.1 102.6 707.6 108.69 749.4
Resolved Shear Strength
Octahedral S1ip  Cube Slip
Ksi MPa Ksi MPa
51.24 353.27 2.92 20.15
74.79 515.69 4,27 29.42
80.70 556.41 4,60 31.74
44.31 305.49 6.86 47.31
Elong. 0.2 % Yield Str. U. T. S.
percent  ksi MPa ks i MPa
1.4 100.8 695.2 120.66 832.0
4.5 136.0 937.7 144.40 995.6
8.8 122.8 846.5 133.74 922.1
22.0 83.9 578.5 86.35 595.4

Octahedral Slip Cube Slip
Ksi MPa Ksi MPa
41.61 286.90 35.67 245.91
56.12 386.98 48.11 331.70
50.66 349.32 43,43 299.42
34.63 238.74 29.68 204.64
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Table 11 (continued) pats
)
Tensile Data for Ta-205 e
. ) N
(c) <111> Oriented Specimens ;;'.:F
Ta-205-1 Ingot 5200 HT No. 104-1-86 ount
’
Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S. i
Deg. F K [dent. Deg. from percent  ksi MPa ksi MPa »
<100> <Q10> <Q01>
-’\
<111> 54,74 54,74 54.74 ey
» i
70.0 294.1 BA 62.8 51.2  50.9 1.4 118.3  815.9 123.91 854.3 :
800.0 699.7 B8 62.8 51.2 50.9 1.7 92.0 634.5 92.02 634.5 ]
1,400.0 1,033.0 8C 62.8 51.2  50.9 2.7 85.9 592.0 96.38 664.5 b A,
1,600.0 1,144.1 8D 62.8 51.2 50.9 29.0 69.9 482.0 74.10 510.9 Y
‘(r‘t.
X
\)
Schmid Factors Resolved Shear Strength :,'l:n'*
Octahedral Cube = cecemmmmdmccmcooo_loo. ..:1‘.!'
Slip Slip Octahedral Stip Cube Slip vty
<111>  0.2722 0.4715 gt
Ksi MPa Ksi MPa e
70 294.1 BA 0.3555 0.4837 42.07 290.09  57.23 394.63 Py
800 699.7 BB 0.3555 9.4837 32.72 225.58  44.51 306.87 NN
1,400 1,033.0 BC 0.3555 0.4837 30.53 210.48  41.53 286.33 "‘.r
1,600 1,144.1 BD J.3555 0.4837 15.58 107.43  21.20 146.15 )
LA
AR
W\
':":‘
b
(d) <123> Oriented Specimens o
Y
Ta-205-1 Ingot 5200 HT No. 104-1-86 oY,
y ‘
Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S. e
Deg. F K [dent. Deg. from percent  ksi MPa ksi MPa b
<100> <010> <001> 1Y
<123> 74.5 57.69  36.7 :}
l" Y
70.0 294.1 BA 74.6  60.3  34.2 6.7 98.6  679.7 126.06 869.2 .‘Q';
800.0 699.7 BB 74.6  60.3 34,2 8.3 134.4  926.9 154.92 1,068.2 BN,
1,400.0 1,033.0 BC 74.6  60.3 34.2 28.0 92.7 639.0 102.44 706.3 RN
1,600.0 1,144.1 BD 74.6  60.3 34,2 35.0 73.2 504.5 74.80 515.7 .,'ﬂ? 3}
e
Schmid Factors Resolved Shear Strength :-,,-. _
Octahedral Cube = —ceecemmmmcmmmcc—cecceoo ot
Slip Slip Octahedrat! Stip Cube Slip e
<123> 0.4667 0.4548 R
Ksi MPa Ksi MPa i
70 294.1 BA 0.4714 0.4453 4€.48 320.45  43.90 302.72
800 699.7 88 0.4714 0.4453 63.37 436.95  59.86 412.77
1,400 1,033.0 8C 0.4714 0.4453 43.69 301.26  41.27 284.59
1,600 1,144.1 8D 0.4714 0.4453 34.49 237.84  32.59 224.68 =R
bty
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. Table 12

Tensile Data for Ta-225

(a) <001> Oriented Specimens

Ta-225-1 Ingot 5196 HT No. 104-3-86

P

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str U. T. S.
Deq. f K [dent. Deg. from percent  ksi MPa ksi MPa
\ <100> <010> <001>
: <001> 90 90 0
[
K 70.0 294.1 AA 89.8 89.7 0.4 1.3 137.3 946.7 137.30 946.7
; 800.0 699.7 AB 89.8 89.7 0.4 0.0 190.7 1,314,7 190.68 1,314.7
1,400.0 1,033.0 AC 89.8 89.7 0.4 0.6 183.7 1,266.4 185.31 1,277.7
1,600.0 1,144.1 AD 89.8 89.7 0.4 11.1 92.1 634.9 99.55 686.4
} - Y
) . f\f.
R Schmid Factors Resolved Shear Strength ot
D Octahedral Cube ~ —ecmeomcccememoeoos e
? Slip Slip Octahedral Slip Cube Slip N
K <001> 0.4084 0.0004 ey
Ksi MPa Ksi MPa Loty
] 70 294.1 AA 0.4106 0.0063 56.37 388.67 0.87 6.00 ]
| 800 699.7 A8 0.4106 0.0063 78.29 539.79 1.21 8.34 N
. 1,400 1,033.0 AC 0.4106 0.0063 75.41 519.95 1.16 8.03 Y
] 1,600 1,144.1 AD 0.4106 0.0063 37.81 260.68 0.58 4.03 Saw
) <o ¥
8 Roxe
. (b) <011> Oriented Specimens ..
Ta-225-1 Ingot 5196 HT No. 104-3-86 ;,"-y_-‘.;
" Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
b Deg. F K Ident. Deg. from percent  ksi MPa ks MPa o
a <100> <010> <001>
. <011> 90 45 45 9
b2 SN
b 70.0 294.1 AA 87.7 45.1 45.0 2.4 111.2 767.0 125.46 865.0 NN
& 800.0 699.7 AB 87.7 45.1 45.0 2.4 151.3 1,042.9 153.79 1,060.4 e
3 1,400.0 1,033.0 AC 87.7 45.1 45.0 0.8 100.2 690.9 100.20 690.9 e
:: 1,600.0 1,144.1 AD 87.7 45.1 45.0 0.8 70.2 484,1 77.14 531.9 o
| e
: Schmid Factors Resolved Shear Strength R
¥ Octahedral  Cube e memememmmamccooen
K Slip Slip Octahedral Slip Cube Slip
<011> 0.4085 0.3538
+ Ksi MPa Ksi MPa
* 70 294.1 AA 0.4192 0.3737 46.63 321.52 41.58 286.67
800 699.7 AB 0.4192 0.3737 63.41 437.18 56.53 389.79
< 1,400 1,033.0 AC 0.4192 0.3737 42.00 289.61 37.45 258.22 S
, 1,600 1,144.1 AD 0.4192 0.3737 29.43 202.91 26.24 180.92 o
K i
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Table 12 (continued) o
s"-‘
Tensile Data for Ta-225 i‘
2
“~
(c) <111> Oriented Specimens EE
Ta-225-1 Ingot 5196 HT No. 104-3-86 l".. )
&
Temperature Spec. Axial QOrientation Elong. 0.2 % Yield Str. Y. T. S. .=
Deg. F K [dent. Deg. from percent  «si MPa ksi MPa L
<100>  <010>  <Q01> "~
»
<111> 54.74 54.74 £4.73 ':..-'
70.0  294.1 BA 56.1  55.7  52.3 2.4 144.7  997.8 180.89 1,247.3 o
800.0 699.7 B8 56.1 55.7 52.3 1.3 142.3 981.0 144.72 997.8 Y.
1,400.0 1,033.0 8C 56.1 55.7 52.3 9.2 101.4 699.2 124.56 858.8 ®
1,600.0 1,144.1 8D 56.1 55.7 52.3 12.0 72.6 500.4 74.60 514.3 -
o
Schmid Factors Resolved Shear Strength -:';
Octahedral Cube e o
Stip Slip Octahedral Slip Cube Slip .
<111> 0.2722 0.4715 i
Ksi MPa Ksi MPa ""
70 294.1 BA 0.2948 0.4851 42.66 294.17 70.20 484.03 oy
800 699.7 88 0.2948 0.4851 41.94 289.21 69.02 475.88 O
1,400 1,033.0 BC 0.2948 0.4851 29.90 206.13 49.19 339.17
1,600 1,144.1 8D 0.2948 0.4851 21.40 147.54 35.21 242.76 BN
N
oY
. ®
(d) <123> Oriented Specimens N
"N
N4
Ta-225-1 Ingot 5196 HT No. 104-3-86 N
..:-.
Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S. ;--j.
Deg. F K [dent. Deg. from percent ksi =~ MPa «s i MPa g
<100> <010> <001~>
<123>  74.5 57.69  36.7 2]
70.0 294.1 AlA 75.9 56.9  36.8 4.0 107.6 741.8 124.83 860.7 ,’3::'.’.
800.0 699.7 AlB 75.9 56.9 36.8 2.2 139.1 959.1 155.24 1,070.3 Y
1,400.0 1,033.0 BIC 76.3 57.2 36.2 4.3 112.0 772.2 122.00 841.2 N
1,600.0 1,144.1 B1D 76.3 57.2 3.2 23.3 72.6 S00.4 69.76 481.) Maly
'.l
Schmid Factors Resolved Shear Strength v
Octahedral Cube = cccccememccmcccemcacao- s
Slip Slip Octahedral S1ip Cube Slip Y
<123>  0.4667 0.4548 N
Ksi MPa €si MP 3 » e,
70 294.1 AlA 0.4711 0.4479 50.68 349,45 48,18 332.22 '~$‘-
800 699.7 AlB 0.4711 0.4479 65.53 451.82 62.30 429.%4 -
1,400 1,033.0 B81C 0.4737 0.4441 53.05 365.78 49,74 342.94 ;,.
1,600 1,144.1 B1D 0.4737 0.4441 34,38 237.04 32.23 222.24 \:;::.
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Table 13

Comparision of Tension/Compression Asymmetry in Binary and Ternary Alloys

Allcys

i
1
1 ar-260 | A1-270 | Ta-195 1 Ta-225

T

Orientation/Stress Temperature

294K 700K 294K 700K | 294K 700K 294K 700K ¥

0.2 Z Yield Strength, MPa ‘25.

<001>Compression 89.6 265.5 245.5 651.6 405.4 781.2 | 823,
<001>Tension 100. 175.1 479.9 413.7 744.7 945.

o
w
.U
O
O
~1 W w W
—
O N (V0 o
= oW —
w Mo &~
[ O 0o
X »
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'll
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\I

393.7 | 243.4 593.7 S 950.8 1,227.
153.8 610.2 | 34 689.5 766.

r. -
i BRAASA

<011>Compression 43,
<011>Tension 88.
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' Figure 1 Schematic Diagram Summarizing the Effects of Various Solute P'_
Ca Elements on Lattice Stability of the L1y Structure and the ,.x:.:
” Likely Types of Dislocation Dissociation which Would Occur. The Y,
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Figure 5 Distribution of <001> Directions on Various Locations on the Top
and Bottom Faces of the Single Crystal Ingot of Alloy Ta-195
with Reference to Three Orthogonal Axes Chosen to be Parallel to
the Axis of the Ingot and the Dendrite Arm Directions
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Appearance of a Crystal Section After Cylindrical Slugs with
Different Crystallographic Orientations have been Removed by EDM
Technique. X-ray orientation measurements were made on five
different locations (the smaller, circular regions) on each end
of the ingot.
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Figure 10 Scanning Electron Micrograph of Sn-214 in the As-Cast Condition. hd

The composition of the phases labelled A, B, and C in (b) are Z;»::-
given in Table 4. oy
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Scanning Electron Micrograph of Sn-214 After a Heat Treatment of
50 hours at 1339K. The composition of the phases labelled A, B,
and C in (b) are given in Table 4.
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Figure 23
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Dislocation Structures in A1-250 Strained Along <111> at 1144K Rl hidh

Showing Two Sets of Screw Dislocations Bounding APB on Cube [
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(a) Superlattice Intrinsic Stacking Faults, and (b) Dislocations
in A1-240 Strained Along <111> to 4% at 293K (see text for
description)
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N Figure 25 Dislocation Structure in A1-240 Strained Along <123> to 4% at !
K, 1033K Showing APB-Coupled Screw Dislocations with Burgers Vector )
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Figure 26 Spacing of APB Coupled-Dislocation Pairs in: (a) 5.0 nm in

A1-240, and (b} 3.5 nm in AL—270. Dislocations imaged using weak
beam dark field technique (g, 3§) on (111) plane with g = 220.
Both alloys were strained along <123> to 4% at 1033K.
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Figure 27 Dislocation Structure in A1-270 Strained Along <123> to 4%
Strain at 1033K Showing APB-Coupled Screw Dislocations on the
Cube Plane
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Figure 28 Dislocation Structure in Ta-195 Strained Along <123> to 4%
Strain at: (a) 293K Showing APB-Coupled Screw Dislocations on
(111) Plane, and (b) 1033K Showing APB-Coupled Screw
Dislocations on (100) Plane
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3 Figure 29 Appearance of Fracture Surfaces in the Binary Alloy Al1-240 P
Resulting from Tensile Testing at 293K (left photos) and 700K ®
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Appearance of Fracture Surfaces in the Binary Alloy A1-270
Resulting from Tensile Testing at 293K (1eft photos) and 700K
(right photos). The tensile stress axes are from top to bottom
<001>, <110>, <111>, and <123>.
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Figure 31 Model Calculations of Relative Elongatioin Contours within a
Standard Orientation Triangle: (a) Deformation Mostly by
Octahedral Slip with Strong Interaction, (b) Equal Participation
of Both Cube and Octahedral Slip with toderate Interaction, and
(c) Deformation Dominated by Cube Slip with No Interaction
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Figure 32 Model Calculation of Orientation and Temperature Dependence of
Relative Elongation for Ternary Alloy Ta-195
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